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ABSTRACT
High b io log ic  p ro d u c tiv ity , indicated by the enormous a rc tic  
Alaskan coal deposits o f Late Cretaceous age, combined w ith  the plant 
megafossils of those deposits suggest they were not formed a t polar 
la titu d e s . These observations are in  c o n f lic t  w ith conventional paleo- 
geographic reconstructions based on paleomagnetic data from the North 
American craton and the assumption tha t a rc tic  Alaska was fixed  with 
respect to North America by Late Cretaceous time. These reconstruc­
tions put a rc tic  Alaska w ith in  a few degrees o f the pole a t the time 
the coals were formed. Even w ith s ig n if ic a n t c lim a tic  warming, the 
low sun angle and long winters are probably incompatible w ith the 
paleobotanical observations. The resu lts  o f a paleomagnetic study of 
the mid-Cretaceous Nanushuk Group show the sediments were deposited a t 
approximately 74° pa leo la titude—s ig n if ic a n tly  less than many recon­
structions would ind ica te . Rotational and non-rotationa l tecton ic 
models o f a rc tic  Alaskan tecton ic evolution are evaluated in  l ig h t  of 
these observations.
i  i i
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1INTRODUCTION
Purpose
The purpose of th is  study was to  investiga te  the paleogeography of 
northern Alaska during the Cretaceous period. The Cretaceous rocks o f 
the Alaskan a rc tic  coastal p la in  include one o f the largest coal depo­
s its  o f North America (T a ille u r and Brosge, 1975). I f  a rc tic  Alaska 
was fixed  with respect to  North America by Early Cretaceous time, as 
many theories of a rc tic  tec ton ic  evo lu tion demand (T a ille u r, 1973;
Churkin and T rexle r, 1980; Jones, 1980), then th is  huge coal deposit 
was apparently produced at pa leo la titudes o f 85 degrees or greater.
This high pa leo la titude estimate leads one to question whether a rc tic  
Alaska was in  place by Early Cretaceous time.
As the d e ta ils  o f the new global tecton ics have been explored i t  
has become obvious tha t the Earth 's geologic h is to ry  cannot be complete­
ly  explained by the movement o f only seven r ig id  p la tes. During the 
past decade the notion that much of the western North American C o rd il­
le ra  is  a collage o f accreted allochthonous terranes has gained general 
acceptance (Beck et al_., 1980; Coney et_ a]_ ., 1980). The basic elements 
of tecton ic collages, tec tonostra tig raph ic  terranes, are defined as 
" fa u lt  bounded geologic e n tit ie s  characterized by a d is t in c t iv e  s tra t ig ra -  
phic and/or a s truc tu ra l h is to ry  d if fe r in g  markedly from those of ad jo in ­
ing neighbors." (Beck et al_., 1980). A tectonostra tig raph ic  terrane is 
d istinguished from a m icroplate in tha t the la t te r  rides upon i t s  own 
slab of 1ithosphere—tectonostra tig raph ic  terranes need not be bounded 
by fa u lts  which extend down to  the asthenosphere (Beck et a l . ,  1980).
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
2Large scale and disparate northward motions have been proposed fo r 
most o f the tectonostra tig raph ic terranes of southern Alaska and western 
Canada (Packer and Stone, 1974; H illhouse, 1977; Stone, 1977; Jones 
et ail_., 1978; Coney et al_., 1980; Monger and Irv in g , 1980). One of the 
consequences of the overa ll collage hypothesis fo r  the formation of 
southern Alaska as proposed by a number of authors (Stone, 1977; Jones 
and S ilbe ring , 1979; Stone and Packer, 1979) is  tha t there is  no obvious 
piece of “ ancestral" Alaska. One of the few pieces of Alaska tha t can 
possib ly be tie d  to  the rest o f North America is  the T in d ir area near 
the Yukon River/Canada border (Figure 1). The remaining te c to n o s tra ti­
graphic terranes forming in te r io r  Alaska have yielded l i t t l e  evidence 
o f th e ir  place of o r ig in  or time of a r r iv a l.
Due p a r t ia l ly  to  the incomplete assembly of the tec ton ic  elements 
of Alaska and also to  a p a r t ia l ly  closed A tla n tic , the p ro to -A rc tic  
Ocean was probably much wider in la te  Early and early  Late Cretaceous 
time. I t  is  conceivable tha t there was motion of an oceanic p la te  from 
the p ro to -P ac ific  in to  the p ro to -A rc tic  as indeed has been proposed by 
several authors (Churkin and T rexle r, 1980; Jones, 1980). One main 
purpose o f th is  study was to  evaluate the re la tiv e  merits o f these 
northward d r i f t  models and the conventional counter-clockwise ro ta tion  
model fo r  a rc tic  Alaska (T a ille u r, 1973; Newman et_ aj^., 1977).
Research Avenues and Description of Field Area
Thesis investigations took two main avenues: A paleomagnetic 
study of Cretaceous sediments of northern Alaska and a paleontologic
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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Figure 1. Generalized tectonostratigraphic terrane map of the western North American 
Cordillera. Only the shaded part of Alaska has definite ties to North America.
Key: Sp=Seward Peninsula, Ns=North Slope, Kv=*Kagvik, En=Endicott, R=Ruby, I=Innoko, NF=
Nixon Fork, G=Goodnews, Cl=Chulitna, PM=Pingston & McKinley, YT=>Yukon-Tanana, W=Wrange!lia, 
P=Peninsular, Cg=Chugach, Ax=Alexander, T»Taku, TA’Tracy Arm, Ch=Cache Creek, BR=Bridge 
River, St’Stikine, E=Eastern Assemblage, SJ=San Juan, Ca=Northern Cascades, 0=0lympic, 
S=Sediments of the western Cascades, 8L*81ue Mountain, Fh=Foothills, Trp’Triassic and 
Paleozoic of the Klamath Mountains, KL= Eastern Klamath Mountains, Si=Northern Sierra, C= 
Calaveras, F=Franciscan, Sa=Salina, SG»San Gabriel, OR-Orccopia, Mo=Mohave, 8=8aja, V= 
Vizcaino, S=Sonomia, GL=Golconda, RM=Roberts Mountain. From Coney et a].. l'J80.
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4review o f the plant megafossiIs found preserved in those sediments.
Paleomagnetic and paleontological samples were taken w ith in  the 
extreme western Brooks Range fo o th i l ls  province and the western a rc tic  
coastal p la in  from Cape Lisburne in  the West to the Kokolik River in 
the East (see Figure 2). I t  is  a region of subdued ro ll in g  h i l l s  
which r is e  from the poorly drained tundra, swamps, and lakes of the 
a rc tic  coastal p la in . The gentle east-west trending fo lds o f the region 
have s trong ly  contro lled  the topography. The gentler synclines often 
form re s is tan t ridges or iso lated plateaus o f considerable (approx­
im ately 200 meters) v e rtic a l r e l ie f  although the apex-faulted a n t i­
c lines  are often eroded and occupied by streams. While the more 
re s is ta n t sandstones and s ilts to n e s  crop out along the crests of 
ridges, the in tervening shales are only exposed in the stream cut 
banks o f a c tive ly  meandering r iv e rs . Except along protected draws 
vegetation is  generally lim ited  to grasses and sedges allowing excel­
le n t views of the outcrops from the a ir  and on the ground. Dependably 
good outcrops with in s itu  rocks exposed are only found along the 
major stream courses, however.
F ie ld  studies were based out o f the Arco Alaska Eagle Creek Camp 
approximately 150 a ir  miles north o f Kotzebue. Many of the s ites  
sampled would be accessible by riverboat out o f Cape Lisburne but 
he licop te r support allowed a more complete and qu ick ly  executed sampling 
program. Further work in the region could be f a i r ly  e a s ily  accomplished 
by rive rboa t or Zodiac ra f t .
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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6PREVIOUS WORK
Northern Alaska geology was almost wholly unknown u n t il the be­
ginning of th is  century. Early explorers and whalers reported the oc­
currence of o i l seeps and coal along the Beaufort Sea Coast but i t  was 
not u n t il 1901 tha t Schrader and Peters made the f i r s t  topographic and 
geologic traverse from the Brooks Range across the A rc tic  Coastal Plain 
to  the Beaufort Sea. In 1921 the Standard Oil Company investigated the 
Cape Simpson o il seeps. At tha t time however, there was o i l to  be 
found in much more hospitable regions of the United States and so the 
northern Alaskan province was reserved fo r  fu tu re  federal e xp lo ita tio n  
by Warren Harding as the Naval Petroleum Reserve No. 4. I n i t ia l  resu lts  
o f geologic study of tha t region were published by Smith and Mertie 
(1930). This was the f i r s t  complete geologic study o f the region, and 
formed the basis of most la te r  geologic studies in northern Alaska.
U.S. Geological Survey Professional Paper 303-C (Chapman and Sable,
1960) not published u n t il 1960, provided the basic geological background 
fo r  the area of th is  study.
Recently, U.S. Geological Survey c irc u la r  794 (Ahlbrandt, 1979) 
reported the resu lts  o f deta iled petrographic and paleontological 
studies of the Nanushuk Group rocks with p a rtic u la r reference to  th e ir  
reservo ir and source rock p o te n tia l. In 1966 C.J. Smiley went to  
northern Alaska to  study the plant megafossils and amber of the Creta­
ceous Nanushuk and C o lv ille  Groups. Smiley described the in tr ig u in g  
Cretaceous flo ras  of northern Alaska in  a series of papers (Smiley,
1966, 1967, 1969a, 1969b, 1976; Scott and Smiley, 1979).
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
7GEOLOGIC FRAMEWORK OF NORTHWESTERN ALASKA 
Pre-Brookian H is to rica l Geology and Sedimentation
The oldest rocks of northern Alaska are from the Middle and Upper 
Devonian Neruokpuk Formation (Brosge and T a ille u r ,  1971). In the 
Romanozof Mountains these rocks, limestones and sandstones metamorphos­
ed to  lower greenshist fa c ie s , are truncated by the same angular uncon­
fo rm ity  tha t overlies the pre-M iss iss ipp i an a r g i l l i t e  basement found 
in the subsurface of the coastal w e lls . In the Delong Mountains of 
the western Brooks Range the base o f the M ississippian System lie s  
conformably w ith in  the Upper Devonian and Lower M ississippian Endicott 
Group (Figure 3).
Above the Endicott Group the shallow water carbonates o f the 
Lisburne Group are tim e-transgressive across the Brooks Range (Brosge 
and T a ille u r , 1971; Mull et al_., 1982). To the west, in the v ic in i ty  
o f the study area, the Lisburne Group is  upper Lower and Upper Miss­
iss ipp ian in age while to  the east the Lisburne is  Upper M iss iss ip ­
pian to  Lower Permian in  age. The Lisburne and nearly a l l the higher 
Paleozoic and lower Paleozoic rocks pinch out to  the North at about the 
present A rc tic  Ocean coas tline . This trunca tion  is  in  part depositional 
but is  probably also the re s u lt o f a Late Mesozoic unconformity. The 
d ire c tio n  of transgression o f the Lisburne Group was northward up onto 
a height o f land known as the Barrow Arch.
Conformably in the West, and disconformably in  the East, the 
E tiv luk  Group (Mull et_ al_., 1982) ove rlies  the Lisburne Group.
Of Pennsylvanian to  Upper Jurassic age, the E tiv lu k  Group consists
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
8System Series
Figure 3. Pre-Cretaceous s tra tig ra p h y  of the western and centra l 
Brooks Range. From Mull e t a l . ,  1982.
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9of the Siksikpuk and Otuk Formations (the Shublik Formation of the 
western Brooks Range has been renamed the "Otuk Formation" in  the study 
area (Mull et al_., 1982)). The E tiv luk  represents yet another northward 
marine transgression onto northern Alaska. The Upper T riass ic  Otuk 
Formation marks a tra n s it io n  to  deeper water facies from the shallow 
platform  deposits o f M ississippian through Permian time. The source of 
the Otuk Formation sediments remained to  the northeast as demonstrated 
by the presence of nearshore e las tics  in Otuk equivalent rocks in the 
northeast Brooks Range.
The Jurassic aged Kingak Formation, a th ick  p y r it ic  shale in  the 
Northeast, is  represented only by a th in  unnamed shale, chert, and 
basalt un it in the West. The Upper Jurassic-Cretaceous boundary is 
a r b it r a r i ly  set by many workers (e .g ., Brosge and T a ,ile u r, 1971) at 
the base of the d is t in c tiv e  pebble-shale un it tha t unconformably 
truncates the Jurassic shales.
I t  is only in the Early Cretaceous Okpikruak Formation, a un it 
tha t achieves i ts  best d e fin it io n  in  the western Brooks Range, that one 
sees a s h if t  from predominantly northern sediment sources to  southern 
sediment sources. I t  is  th is  s h if t  in  source d irec tio n  tha t presumably 
marks the beginning o f the col 1is iona l Brookian orogeny and u p l i f t .
Post-Brookian H is to rica l Geology and Nanushuk Group Sedimentation
With the onset of the Brookian Orogeny during Neocomian time the 
deep sedimentary basin of the northern Alaska coastal p la in  saw an
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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abrupt and rad ica l s h if t  in  sedimentary provenance and paleotransport 
d ire c tio n . U p li f t  of the Brooks Range caused a th ick  sedimentary wedge 
to  prograde across the C o lv ille  trough from south to  north. In most 
places the lowest rocks o f th is  sedimentary wedge are o f the Fortress 
Mountain Formation; a dark, shaly, flysh  sequence tha t coarsens south­
ward to  a conglomeratic sequence. Above these bottomset beds and 
p a r t ia l ly  included as bottomsets themselves are the s i l t y  shales and 
tu rb id ite s  of the Torok Formation. Figure 4 shows the f a i r ly  steep 
foreset beds (up to  6 degrees o rig ina l depositional d ip) of the Torok 
Formation. The upper part of the Torok Formation represents a f a i r ly  
shallow-water facies with perhaps local unconformity in  the v ic in i ty  
of the Meade Arch, east of the Utukok River.
The Upper Cretaceous (Albian to  Cenomanian) Nanushuk Group rocks, 
from which the m ajority of the paleomagnetic and paleontological samples 
were taken, represent the topset beds of the prograding sedimentary 
prism tha t b u i lt  out generally northeastward from the Brooks Range 
u p l i f t .  The Nanushuk consists of two well defined sedimentary forma­
tions in the study area (Figure 5). The Kukpowruk Formation represents 
a la rge ly  marine facies with interbedded foreshore sands and bars. The 
Corwin Formation is  the nearshore and te r re s t r ia l equivalent of the 
Kukpowruk. Both formations are tim e-transgressive. An isopach map 
(Figure 6) o f the Nanushuk Formation indicates the southwesterly source 
of the Nanushuk Group sediments. The Corwin Delta system of the western 
North Slope was responsible fo r the complexly intertongued marine and 
te r re s t r ia l s tra tig raphy in the study area. The Umiat Delta was formed
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Figure 4. Seismic depth section corre lated w ith s tra tig raphy from 
the Drew Point n o .l w e ll. Note the f a i r ly  steep foreset beds (up 
to 6° o rig ina l d ip) in  the Torok Formation. Nanushuk rocks have 
comparably smaller orginal dips as shown in  th is  section. Location 
of Drew Point n o .l well and seismic section shown on Figure 6.
From Ahlbrandt, 1979.
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Figure 5. Cretaceous s tra tig rap hy  in  the study area. 
From Chapman and Sable, 1960. . .
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Figure 6. Isopach map fo r the Nanushuk Group showing the thickening 
o f the sedimentary wedge to  the southwest. From Ahlbrandt, 1979.
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by another s im ila r system operating to the east. The C o lv ille  Group 
represents another la te r  (Turonian and Senonian) Late Cretaceous marine 
transgression which onlapped in  much the same manner as the Nanushuk 
transgression but to a lesser extent.
Rocks from the T e rtia ry  o f northern Alaska are the predominantly 
te r re s tr ia l Sagvanirktok Formation and the marine Nuwok Formation which 
a tta ined considerable thickness north o f the Sadlerochit Mountains but 
are generally absent in  the study area.
PALEOMAGNETISM 
The Geomagnetic F ield
The technique of paleomagnetism depends on the preservation o f the 
geomagnetic f ie ld  from the past in  the presently ava ilab le  rock record. 
The in te rp re ta tion  o f th is  remanent f ie ld  along w ith assumptions about 
the nature o f the past geomagnetic f ie ld  has allowed paleomagnetists to 
speculate on large-scale lith osphe ric  movements. I t  behooves paleo­
magnetic workers to thoroughly understand both the Earth 's geomagnetic 
f ie ld  and how the rock record preserves tha t f ie ld .
The natural remanent magnetization o f minerals has been used fo r 
over twenty centuries as a navigational to o l,  however only w ith in  the 
la s t  300 years have we begun to  understand the geomagnetic f ie ld .  The 
Chinese used natu ra lly  magnetic magnetite in  lodestone as the active 
element o f compasses as early as 200 B.C.. The mysterious properties 
o f the lodestone were often ascribed supernatural causes (McElhinney, 
1973). I t  was not u n t il 1600 A.D. tha t W illiam G ilb e rt f i r s t  described
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the geomagnetic f ie ld  as an axia l d ipo le . The geomagnetic f ie ld  is  
generally recognized to  be the re s u lt of a s e lf-e x c it in g  dynamo pro­
cess w ith in  the e le c tr ic a lly  conducting liq u id  outer core of the earth.
The average magnitude o f the geomagnetic f ie ld  over the surface of 
the Earth today, .31 oersteds, gives an estimate of 8.05 x 10^5 oersteds 
- cm3 fo r  the Earth 's dipole moment ( Irv in g , 1964). The f ie ld  is  
approximately d ipo la r w ith the axis t i l t e d  11 degrees from the ro ta tion  
axis and s lig h t ly  displaced from the center of the Earth. Whatever 
sp e c ific  dynamo process is  considered responsible fo r the Earth's f ie ld ,  
i t  must be consistent with several in te res ting  observations of the 
f ie ld  and its  time va ria tions .
Principa l among these observations are the existence of the Earth's 
f ie ld  since at least 3.5 b i l l io n  years before present, the phenomenon 
o f f ie ld  reversals (w ith a mean length o f 0.22 m illio n  years over the 
la s t ten m illio n  years), the postulated 10-12000 year period fo r  the 
westward d r i f t  of the main f ie ld ,  and the 2000 years or less tha t i t  
takes fo r  a reversal to  occur. Several other p e r io d ic itie s  on the 
order o f 100-4000 years cons titu te  the "non-dipole secular va ria tion  
f ie ld " .  These va ria tions with generally smaller spatia l and temporal 
periods are often a ttr ib u te d  to  shallower sources in the core, ju s t 
below or involving the core-mantle boundary. For studies such as the 
A rc tic  study described below, these varia tions are assumed to  be aver­
aged out i f  random samples are taken over a s u f f ic ie n t ly  long period of 
tim e, commonly estimated at a few tens of thousands of years. Cox (1975)
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points out tha t th is  may not be true  i f  the secular v a ria tio n  f ie ld  
is  caused by core-mantle in te rac tio ns  w ith  zonal symmetry (Figure 7).
Based on data from Hawaiian basa lts , Cox (1975) suggested th a t 
secular va ria tion  produced a s ta t is t ic a l bias toward shallower in c lin a ­
tions  a t low la titu d e s  (less than 40 degrees) and a bias towards steeper 
in c lin a tio n s  at high la titu d e s  (greater than 40 degrees). This bias 
apparently never amounts to  more than 5 degrees o f in c lin a t io n  e rro r.
I t  is  encouraging to  note th a t th is  in c lin a t io n  e rro r is  opposite in  
sign to  the in c lin a tio n  anomaly often observed in  paleomagnetic studies 
from the western North American C o rd ille ra  and commonly ascribed to  
northward d r i f t  o f blocks and s liv e rs  o f what is  now North America.
Remanent Magnetization
Only a few minerals are s ig n if ic a n tly  magnetic to  con tribu te  to 
the remanent magnetism of a rock. Most o f these are pa rt o f the iro n , 
titan ium  oxide system: Fe0 -T i02-Fe203 .
Only a small percentage o f the minerals in  a rock are fe rro -  or 
ferrim agnetic and contribu te  to  the net magnetic remanence o f a rock 
sample. The manners in  which these magnetic grains a lign  th e ir  magnetic 
moments to  produce a net remanence are many and varied , however only 
three are o f importance to  th is  study.
P e tr ita l Remanent Magnetization or DRM is  the remanent magnetization 
acquired by sedimentary rocks during deposition and diagenesis. Even 
compositionally mature sediments have a small percentage o f ferromagne­
t ic  grains, these grains tend to  a lig n  th e ir  magnetic moments along the
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Figure 7. In c lin a tio n  anomaly associated with zonal non-uniform ity 
in  the occurrence o f westwardly d r i f t in g  magnetic anomalies.
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main f ie ld  while in  suspension. Assuming no systematic ro ta tion  is  
induced a t the moment o f deposition, the deposited grain w i l l  be 
preserved in  alignment w ith the main f ie ld  a t the time of deposition 
(Nagata, 1961). This component o f DRM is  termed depositional d e tr ita l 
remanent magnetization (dDRM) (Verosub, 1977). Numerous studies have 
examined in c lin a tio n  errors which are developed during the preservation 
o f dDRM (King, 1955; G r if f ith s  e t al_., 1960; C ollinson, 1965; King 
and Rees, 1966) but Irv ing  (1957) has pointed out th a t even in  the 
case where magnetic ca rrie rs  are deposited w ith spurious or even 
system atically in co rrec t o rien ta tions they may remain free to rea lign 
due to  Brownian ag ita tion  in  f lu id - f i l le d  pore spaces. The magnetic 
grains, owing to  th e ir  higher dens ities , tend to  be smaller than the 
other grains deposited in  a given flow  regime and w i l l  often occupy 
the in te r s t i t ia l  spaces o f the sediment a fte r  deposition and during 
diagenesis. Up u n t il the time the magnetic grain is  cemented in  
place i t  is  free to  ro ta te  and rea lign w ith  the geomagnetic f ie ld .
This realignment o f magnetic ca rrie rs  a fte r  deposition is  termed post- 
depositional d e tr ita l remanent magnetization or pDRM. Studies to 
determine the extent and properties o f pDRM ( Irv in g  and Major, 1964; 
L0v lie , 1974, 1976; Tucker, 1979; Barton e t a^ ., 1980; Payne and 
Verosub, 1982) have concluded th a t I rv in g 's  physical model is  bas ica lly  
correct and ind ica te  tha t some fra c tio n  o f nearly a ll the magnetic 
ca rrie rs  are mobile a t high f lu id  contents. Payne and Verosub (1982) 
determined tha t sediments w ith sand contents o f 50-60 percent or 
greater are eas ily  remagnetized while the pore spaces remain f lu id
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f i l l e d  (R-type sediments) but f in e r  grained sediments (S-type) are 
s tab le r w ith regard to remagnetization (Figure 8 ).
Petrographic study o f Nanushuk Group sandstones (Ahlbrandt,
1979) indicated the modal grain size to  be approximately 0.1-0.3 mm 
w ith less than 30 percent o f the rock consisting o f cement plus matrix 
(Figure 9). This range o f grain sizes and ra t io  o f m atrix minerals 
(clays) to c lasts  ind ica tes the Nanushuk sediments should be R-type 
sediments. Depositional in c lin a t io n  errors should be small due to a 
large component o f pDRM. Compaction and dewatering were obviously 
post-depositional and a t le a s t p re -fo ld ing  as ind ica ted by the posi­
t iv e  fo ld  te s t from WNS-12. Because the c a rr ie rs  were probably 
realigned sho rtly  a f te r  deposition and before fo ld in g  the Nanushuk 
Group sandstones should be re lia b le  ind ica to rs  o f the geomagnetic 
f ie ld  during or s lig h t ly  a f te r  deposition.
Thermal Remanent Magnetization or TRM is  the remanent magnetization 
acquired by the heating o f the magnetic c a rrie rs  in  an external f ie ld ,  
and is  the o r ig in  of the magnetization in  the grains aligned in  DRM.
The Curie Point is  the temperature a t which thermal ag ita tio n  o f the 
magnetic moments in  the c rys ta l la t t ic e  makes i t  impossible fo r  a 
s ig n if ic a n t number o f magnetic moments to  a lig n  and stay aligned.
The Curie Point is  an in tens ive  quantity  o f a sp e c ific  mineral o f a 
spec ific  chemical composition. I t  does not depend upon the size or 
shape of the magnetic c a rr ie rs . The magnetic grains o f real rocks 
are often of dimensions such th a t the size and shape of the grains 
begin to modify th e ir  a b i l i t y  to  maintain alignment o f th e ir  moments.
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I < 2.0 n ) 
Clay
( > 62.5 u ) ( > 2.0 v and
< 62.5 y )
Figure 8. Sediment classification of Payne and Verosub (1982). 
R-type sediments usually carry a large component of pDRM 
(post-depositlonal detrital remanence), while in S-type sediments 
the dDRM (depositlonal detrital remanence) is generally stable.
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Mari ne Nonmarine Total
work porosity work porostiy
Fiqure 9. Modal size and size so rting  as well as percent framework, 
cement, m atrix , and v is ib le  po ros ity  o f Nanushuk Group sandstones. 
From Ahlbrandt, 1979.
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In a typ ica l rock the magnetic c a r r ie r  size and composition w i l l  
both cover a range o f values and thus the Curie Point w i l l  not be a 
s ing le  temperature but ra ther a "b locking spectrum".
Isothermal Remanent Magnetization or IRM is  simply the magnetiza­
t io n  acquired by the sample due to  the spontaneous alignment o f 
magnetic moments w ith  the ambient f ie ld  a t constant temperature. An 
isothermal remanence which has been acquired over a long time w i l l
requ ire  a f ie ld  much la rg e r than th a t which produced the remanence in
order to  rea lign  the a ffected c a rr ie rs . This apparently "harder"
remanence is  termed viscous remanent magnetization (VRM) and is  one o f
the primary sources o f noise in  paleomagnetic data.
The observed remanent magnetism o f a rock may d i f fe r  from the 
o r ig in a l magnetization generated during deposition and diagenesis fo r  
several reasons. The thermal h is to ry  o f the sediments might include 
one or several thermal pulses th a t brought the rock in to  conditions 
under which some o f the magnetic c a rr ie rs  had s ig n if ic a n tly  shorter 
re laxa tion  times. I f  the d ipole moment o f the Earth or the pos ition  
and o rie n ta tio n  o f the sediments had changed between the time of 
deposition and the time of the thermal spikes, a TRM w i l l  be impressed 
on the rocks. The observed magnetization may also d i f fe r  from the 
o r ig in a l due to  a VRM component.
Fortunately the magnetic c a rr ie rs  in  a rock are not a ll exactly 
a lik e . Neither th e ir  s ize , shape, chemistry, nor crysta llography are 
id e n t ic a l—rather each o f those variab les covers a range of values.
For th is  reason i t  is  possible to  remove the e ffe c t o f the more eas ily
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realigned ca rrie rs  by randomizing them and then measuring the remaining 
"harder" magnetic component. However, i t  is  possible th a t none of 
the o rig in a l remanence remains; in  th is  case some usable inform ation 
might s t i l l  be extracted but in te rp re tin g  o rien ta tion  inform ation and 
the dating o f the remanence is  problematic.
Demagnetization Results
The remanent magnetization o f most rocks can be r e a lis t ic a l ly  
modeled as the con tribu tion  o f many non-interacting s ing le  domain 
grains. For single domain grains the re laxation time, t  , is  re la ted 
to  c o e rc iv ity , sa tura tion , magnetization, and temperature thus ly :
-3W s -t a e ?kT
where v is  the volume; He, the c o e rc iv ity , is  the f ie ld  necessary to 
ju s t  overcome the remanent magnetization; Js is  the saturation 
magnetization; k is  Boltzmann's constant; and T is  the absolute 
temperature (McElhinney, 1973). The re laxation time can be thought 
o f as an ind ica tion  o f the s ta b i l i t y  o f the remanence. Grains w ith 
large re laxa tion times w i l l  preserve a primary DRM or TRM be tte r than 
those grains w ith short re laxa tion times. A typ ica l rock w i l l  contain 
many magnetic ca rrie rs  w ith d iffe re n t re laxation times. C learly fo r 
the purpose of paleomagnetic studies the grains w ith  the longest 
re laxa tion  times are the most in te re s tin g . The equation above shows 
tha t the short re laxa tion time grains w i l l  be those w ith  low coerciv­
i t y .  In order to e x p lo it th is  re la tionsh ip  As and Z ijd e r fe ld  (1958)
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proposed the process o f a lte rna ting  f ie ld  (AF) demagnetization.
The method has been variously improved over the years but generally 
consists o f subjecting a sample to  an a lte rna ting  f ie ld  th a t randomly 
and uniform ly varies in  d irec tion  while i t s  in te n s ity  is  slowly ramped- 
down from some peak value. By a lte rna ting  th is  demagnetization 
treatment w ith remanence measurements while progressively increasing 
the peak a lte rna ting  f ie ld  th is  method allows a step-wise examination 
o f the magnetization of grains w ith la rge r and la rge r re laxa tion 
times. Usually the grains o f in te re s t, those w ith re laxa tion times 
on the order o f m illio n s  o f years, are those iso la ted  a t the highest 
level of demagnetization. Not a l l rocks are amenable to th is  treatment, 
however. I f  the magnetic grains a ll have short re laxa tion times then 
a stable primary remanence w i l l  not be preserved and AF demagnetization 
w i l l  be f ru it le s s .
AF demagnetization also w i l l  f a i l  i f  the primary remanent 
magnetization is  o f comparable in te n s ity  w ith the Rotational Remanent 
Magnetization or RRM induced during demagnetization. RRM was f i r s t  
described by Wilson and Lomax (1972) but not u n t il recently has a 
theore tica l basis fo r  the e ffe c t been published (Wilson, 1980; 
Stephenson, 1980a, 1980b, 1980c). Stephenson shows th a t RRM is  a 
manifestation o f the Barnett gyromagnetic e ffe c t.  A rock ro ta ting  in  
f ie ld - fre e  space w i l l  acquire a magnetization due to the alignment of 
i t s  magnetic moments along the spin axis (Barnett, 1935). Barnett 
showed th a t th is  e ffe c t should not be measurable in  f ie ld - f re e  space 
unless the revo lu tion  rate is  on the order o f 105 r .p .s . .  The
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gyromagnetic e ffe c t is  s ig n if ic a n t in  the case o f RRM because the 
important time constant fo r a ro ta tin g  rock in an a lte rna ting  f ie ld  
is  not the bulk ro ta tio n  rate but ra ther the rate at which the magnetic 
domains f l i p  p o la r ity .  A magnetic domain f l ip s  p o la r ity  in approximately 
10"7 second or fa s te r (Stephenson, 1980a). Thus the e ffe c tiv e  rate 
o f ro ta tio n , the ra te  at which the domains f l i p ,  is  such tha t the 
a x ia lly  directed gyromagnetic f ie ld  is  on the order o f 1 m il l i te s la  
or about tha t demanded to  introduce RRM.
Figure 10 shows the AF demagnetization o f sample WNS-02-02C.
The sample was loaded in the demagnetizer such that RRM would be 
expected along the -x axis. The -x axis and +x axes are indicated in 
Figure 10. A fte r treatment at 300 Oersteds RRM was suspected, the 
sample was reloaded such tha t RRM would be expected along +x.
Retreatment and remeasurement confirmed the hypothesis tha t a strong 
RRM component was present with an in te n s ity  of approximately 
1.5 x 10-7 EMU/cc.
The RRM e ffe c t was encountered in  most of the samples during AF 
demagnetization at the 300 Oersted le v e l. Attempts to  m itiga te  RRM 
by demagnetization tw ice with the x axis p a ra lle l and a n tip a ra lle l to 
the ro ta tiona l vector o f the inner tumbler axis were unsuccessful.
Largely fo r th is  reason the AF demagnetized samples were considered 
unstable and not included in the s ta t is t ic a l analysis.
Thermal demagnetization was, however, successful and yie lded 
stable magnetic d irec tions fo r the bulk o f the samples. Thermal 
demagnetization involved heating the samples to progressively higher
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
26
Oepth At* Cor*: SI.O
0.00 Dtp Core: 38.0
Skw Cor*: 0. 0
too
300
330
300
300
400
Date
t3 Jan 82 
12 Jan 82 
12 Jan 82 
12 Jan 02 
12 Jan 82 
12 Jan 82 
12 Jan 82 
12 Jan 82 
12 Jan 82
napnetliatlon vector* 
Oao <DIR> Strat 
Dae Inc Dae Inc
2. 196-07 100 
2. 13E-07 99
2. 096-07 97
1.916-07 89 
1.816-07 84
1.496-07 69
1. 736-07 80
1.336-07 62
1.636-07 76
206 11 
201 16 
196 20
Deaaf Type: AF
Spac D*a<(: nona 
Reverted: No
Difference Vector* 
Qeo <DIR> Strat 
Dec Inc Dec Inc
206 43 202 67
4.646-08 22
1. 306-08 7
4. 91fc~G2 23
4.136-08 19
3. 716-08 17
2. 796-08 13
4. 686-00 22 
7. 496-08 39
390 9
320 29 
31 36
?99 49
194 29 
60 -66 
237 63
63 -4
23 -733F -9
119 70
144 -46 
318 47
74 -18
2 8  23
63 31
340 37
18 47
221 -4
333 -36 
193 31
312 7
243 43
243 -43 
70 43
309 -3
2 C NTHSLP BARBARA SYNC HNS. 2 6 Feb 1782 Paleomagnetk Laboratory. Uoodward-CIgde Consultants
Figure 10. AF demagnetization of WNS-02-02c showing the vector direction 
and difference vector at each level, as well as -x and +x In the 
stratigraphic frame of reference.
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temperatures in an e le c tr ic  furnace w ith f a i r ly  low in te rna l f ie ld s  
and then removing the samples to  a cooling area with e sse n tia lly  zero 
f ie ld .  In practice the axial f ie ld  in  the cooling area was 12.0 
m illig auss . Samples were heated and cooled fo r  approximately 15 
minutes below 300° C. and 20 minutes above 300° C.
Thermal demagnetization depends on the p rin c ip le  tha t re laxation 
time is  inverse ly re lated to  temperature. As temperature increases 
the re laxa tion  times o f a ll the magnetic domains decrease (assuming 
again s ing le  domain non-in teracting g ra in s ). Those grains whose 
re laxa tion  times are short (on the order o f 100 seconds) w i l l  randomize 
and remain randomly aligned in the f ie ld - f re e  cooling area. In th is  
way the con tribu tion  of the least stable magnetic grains w i l l  be 
reduced and the remaining magnetization of the specimen w i l l  be 
dominated by the s tab le r magnetic grains re la ted to  the o rig in a l DRM.
In nearly a ll cases the method fo r  se lecting a stable magnetic 
vector during the demagnetization process was to pick the vector 
corresponding to  the demagnetization level during which the d irec tion  
changed the least. Figure 11 shows a ty p ic a l thermal demagnetization 
run. The magnetization d irec tion  picked as the stable point fo r  th is  
sample was at 350° C.
Often at demagnetization levels greater than 500° C. a sharp 
increase in  in te n s ity  and a radica l s h if t  in  the d irec tion  o f 
magnetization indicated a chemical reaction had taken place in  the 
samples. A fte r th is  chemical change sample magnetizations were 
considered meaningless. That a chemical change, probably the oxidation
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of magnetite to hematite, had taken place was ind icated by the change 
in  color o f the cores (Figure 12). Examination o f the rocks in  
th in  section shows the growth o f red hematite a t the expense of 
un iden tified  opaque grains (Figures 13 and 14). Demagnetization 
a t temperatures greater than 450° C. should probably be attempted 
only in  an in e r t  atmosphere.
S ta t is t ic a l Methods
The remanent magnetization o f a specimen can be expressed as a 
vector, a three-dimensional quantity w ith  both d irec tio n  and magnitude. 
The length and d irec tion  o f the three-dimensional magnetization vector 
are commonly referred to  three coordinate systems using both polar 
and rectangular coordinates. The conventions fo r  the various frames 
o f reference used in  th is  study are de ta iled  in  Appendix A. The 
three main coordinate systems discussed here w i l l  be the core frame, 
the geographic frame, and the s t ra t i graphic frame. The core frame 
is  oriented with respect to  the f id u c ia l l in e  and axis o f the core.
The core frame is  usually only o f d ire c t in te re s t when discussing 
measurement and demagnetization procedures. The geographic frame is  
t ie d  to the f ie ld  o rien ta tion  o f the sample, namely present horizontal 
and present true  North. I t  is  s lig h t ly  a r t i f i c ia l  but is  the proper 
arena fo r discussion o f VRM and possibly la te  TRM. The s tra tig rap h ic  
frame of reference hopefully represents the o rien ta tion  o f the magnetic 
vector w ith respect to  paleo-horizontal and paleo-North. The ro ta tion  
assumed between the geographic and s t ra t i  graphic frames is  the
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Figure 12. Macrophotograph of cross-sections of rock core
before (right) and after ( le ft)  thermal demagnetization. o
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Figure 13. Photomicrograph of thin section of rock core before 
thermal demagnetization. Photomicrograph is in plane light.
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Figure 14. Photomicrograph of thin section of rock core a fte r
thermal demagnetization. Photomicrograph is in plane light. ro
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s tru c tu ra lly  simplest: a simple ro ta tion  around the present s tr ik e  o f 
some preserved plane o f o r ig in a l h o r iz o n ta lity  such as bedding.
The errors and assumptions involved in  the transformation between 
these coordinate systems are discussed in  the section on sampling.
PALEOMAGNETIC RESULTS 
Sites Sampled
In order to  fu rth e r explore the paleogeography o f the North 
Slope region 150 oriented cores were d r i l le d  from surface exposures 
o f the Cretaceous Nanushuk Group o f western a rc tic  Alaska. The 
remanent magnetizations o f these samples were measured as the cores 
were progressively demagnetized by both thermal and a lte rn a tin g  f ie ld  
methods.
Sites sampled ranged from the Cape Lisburne and Corwin B lu ff 
regions in  the Northwest to  outcrops along r iv e r  cuts o f the Kokolik 
River in  the East (Figure 2). The sampling strategy employed was 
aimed a t garnering as continuous a sample o f the rock record repre­
senting the greatest length o f time as possible. The gently folded 
and occasionally fau lted  structu re  of the Nanushuk Group in  th is  area 
made i t  f a i r ly  easy to sample several thousand meters o f the section 
w ithout in te rru p tio n . Table 1 shows the ve rtic a l section sampled, 
the number o f samples, and loca tion  o f the s ites  sampled in  th is  
study. Throughout, the nomenclature o f Irv in g  (1964) is  used when 
discussing s ite s , samples and specimens (Table 2 ). To be considered 
s ig n if ic a n t, a s ite  generally consists o f a t le as t seven samples,
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Site
Table 1 
Paleomagnetic Sample Sites
V ertica l Section Original 
Meters N
Location 
Long., Lat.
WNS-01 <10 4 197.4 , 68.7
WNS-02 425 14 197.2 , 69.5
WNS-03 975 8 196.8 , 68.8
WNS-04 30 8 197.9 , 68.8
WNS-05 15 4 197.5 , 68.6
WNS-06 300 10 195.0 , 68.9
WNS-07 610 12 194.8 , 68.9
WNS-08 <10 2 193.9 , 68.9
WNS-09 2050 12 196.8 , 68.9
WNS-10 45 7 197.7 , 68.8
WNS-11 625 17 197.3 , 69.2
WNS-12 190 21 197.4 , 69.4
WNS-13 170 14 198.1 , 69.0
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*
S ite*
★
(e .g .,  WNS-01)
Table 2
Nomenclature used w ith  reference to  
s ite s , samples, and specimens.
Specimen
Sample*
*  *
(no less than 7)
Sample*  
(e .g .,  WNS-01-01)
(as many as 5)
r #
*  Specimen
Specimen
*  *
r
(as many as 5)
*  Specimen 
(e .g .,  WNS-01-01A)
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each sample y ie ld in g  at least two and as many as f iv e  specimens.
L im its  and Biases o f the Sampling Method
The paleomagnetic rock samples were d r i l le d  w ith a diamond-tipped 
gasoline-powered core d r i l l  o f f a i r l y  standard design. In a l l but a 
few cases the core was oriented while s t i l l  attached to  the rock. On 
short or poorly d r i l le d  cores the e rro r in  o rie n ta tio n  could be as 
much as 5 degrees. Bedding planes were measured w ith a Brunton compass
to  determine ancient h o r iz o n ta l, however bedding planes are not always
p a ra lle l to  ancient h o rizo n ta l.
A d i f f i c u l t  problem encountered during sampling was the possible 
bias introduced in  in te rp re tin g  bedding planes as ind ica to rs  of 
ancient h o r iz o n ta l. In a prograding system such as the Corwin Delta 
considerable o r ig in a l d ip  may be generated (Reading, 1978). O rig ina l 
dips would be in  the d ire c tio n  o f progradation. In the case o f the 
Corwin Delta th is  is  to  the north-northwest. Thus v e r tic a l or north - 
northwesterly magnetic vectors would appear to  be rota ted toward 
shallower in c lin a t io n s . This e ffe c t was recognized in  the f ie ld  and 
an attempt was made to  m itiga te  i t  by measuring the azimuth and dip 
o f the la rgest bedding features observed at outcrop scale and noting 
the presence or absence of sets o f cross lam inations.
Both the Kukpowruk and Corwin Formations represent, at least in  
p a rt, d e lta ic  and near shore fac ies deposition. In order to  ju s t i f y  
the assumption th a t secular va ria tio n  w i l l  average out we must prove 
tha t the geological section sampled represents a time in te rva l on the
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order o f a t le as t several tens o f thousands o f years. I f  the sampled 
in te rva l is  on the order o f 2000 meters th ick  then the ra te  o f 
deposition must be 2 cm/yr or less in  order th a t the secular va ria tion  
f ie ld  be swamped by the axia l dipole f ie ld .  In many recent de lta ic  
systems th is  l im i t  is  eas ily  exceeded (Reading, 1978) so th a t i t  is  
not c lea r th a t the requirements fo r removing the e ffe c ts  o f secular 
va ria tio n  have been adequately met. Of course sedimentation in  a 
de lta ic  system is  not continuous and one can make the case th a t the 
rock record contains many time gaps and local unconform ities, thus the 
time represented by the sampled section fa r  exceeds 10^ years. Plant 
megafossil corre la tions (Smiley, 1969b) ind ica te  the sampled section 
stretches from middle Albian to  Cenomanian time (approximately 5 
m illio n  years) however, and th is  co rre la tion  ind ica tes th a t there is  
some evidence th a t the sampled in te rva l is  a t le as t several m illio n  
years long, a lb e it  discontinuous. The question o f the length of time 
represented by the sampling seems fa i r ly  well se ttle d  by the p lant 
megafossils. The Nanushuk Group spans a t le as t several m ill io n  years 
discontinuously, meeting the time requirement to  remove secular 
va ria tio n .
Because i t  is  impossible to measure the e n tire  remanent magnetiza­
tio n  o f the Nanushuk Group rocks en masse, many smaller samples were 
taken and analysed in d iv id u a lly . By measuring the magnetization o f the 
ind iv idua l samples we hoped to  estimate the mean alignment o f the 
e n tire  population of magnetic ca rrie rs  present in  the Nanushuk rocks. 
Commonly the remanent magnetization is  given not in  terms o f x, y , and
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z but ra ther as In c lin a tio n , Declination and In te n s ity . The tra n s fo r­
mation from coordinates of I ,  D, R to  x, y, z is :
x = R cos I cos D
y = R cos I sin D
z = R sin I
The maximum like lihoo d  estimator of the population mean vector given 
n samples Vi = x^, y i ,  Zi is  v = x, y, z where:
n N  .  N  o  N  o
R2 = ( z X i)2 + ( Z y i ) 2 + ( Z Z i) 2
i = l  i = l  i = l
N N N
x = 1/R Z xj y = 1/R z yi z = 1/R Z z^  
i= l i= l  i= l
I t  was fo r the analysis of paleomagnetic data tha t S ir Ronald Fisher 
in  1953 published the f i r s t  s ta t is t ic a l analysis of d ire c tio n a l data. 
Fisher (1953) s p e c if ic a lly  developed s ta t is t ic s  fo r  analysis o f 
spherical Gaussian d is tr ib u tio n s . One lim ita tio n  o f Fisher s ta t is t ic s  
is  tha t very few d irec tio na l data samples are sphe rica lly  Gaussian, 
therefore some of the Fisher dispersion s ta t is t ic s  might not always 
be consistent gauges of the dispersion of the data. The Fisher 
s ta t is t ic s  k and a used in  th is  study are given by:
cos a 95 = 1 - ( N-R)/R { (1 /P )1/N' 1 -  1 }
Where N is  the number of vectors, R is  the resu ltan t length o f the 
vector sum of the sample vectors, and P is  the p ro b a b ility  th a t the 
population mean fa l ls  ouside a cone of radius a around the sample 
mean.
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C rite r ia  fo r  R e lia b il ity
The conclusion th a t the remanent magnetism o f a rock is  a va lid  
ind ica tion  o f the axia l d ipole f ie ld  is  a subject th a t has been 
discussed by many authors. Several c r i te r ia  have been suggested so 
tha t erroneous vectors be elim inated from a paleomagnetic study 
( Irv in g , 1964; McElhinney, 1973; Stone e t al_., 1982). Stable ye t 
undesirable vectors such as could occur through c o lle c tin g  and 
measuring e rro rs , remagnetization due to  lig h tn in g  s tr ik e s , and 
sampling the geomagnetic f ie ld  during an extreme excursion should not 
be included in  the s ta t is t ic a l analysis because those vectors ' 
d irections are not a true  ind ica tion  o f the geomagnetic f ie ld .
S ite  means were calculated before any specimens were re jected to 
determine a pre lim inary estimate o f the mean. The angle Thetap was 
then calculated by the method o f McFadden (1980).
cos 0 p = 1 - (N-R) { ( l / p )1^ " 1 -  1 }
Thetap is  the best estimate o f the angle which w i l l  be exceeded w ith 
a p ro b a b ility  p from a Gaussian spherical d is tr ib u tio n  based upon a 
sample o f size N w ith  a resu ltan t o f magnitude R. Using p = .05 a 
c irc le  o f radius Theta was drawn about the estimate o f the s ite  mean 
and those vectors a t an angle greater than Theta from the s ite  mean 
were re jected. This method risks  excluding 5 percent o f the good 
data from the analysis but minimizes the e ffe c t o f erroneous data 
points. The selected data (see Tables B1 through B13 in  Appendix B) 
were then used to  reca lcu la te  a be tte r estimate o f the s ite  mean.
In the cases fo r  which Theta was undefined fo r  a given N, R, and p
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a value o f 50 degrees was a r b i t r a r i ly  assigned (Stone et al_., 1982).
The re su lta n t s ite  means were then evaluated to  determine th e ir  
s ta b i l i t y  and r e l ia b i l i t y .  F irs t  the c r i t e r ia  o f McElhinney (1973) 
was followed in  re je c tin g  s ite s  with fewer than seven remaining 
re lia b le  specimens. This elim inated WNS-01, WNS-04, WNS-05, and 
WNS-08. The remaining s ite s  were then evaluated to  determine i f  the 
sample vectors d iffe re d  s ig n if ic a n t ly  from a random (uniform) 
d is tr ib u t io n .  The s ta t is t ic a l te s t employed was tha t of Watson 
(1956). For value o f N a s p e c ific  k c u to ff  was ca lcu la ted fo r  .05 
and .01 s ig n ifica n ce . None o f the remaining s ite s  were s ig n if ic a n t ly  
dispersed and thus re jected by th is  te s t (Table 3).
F in a lly  i t  was determined whether the vector dispersion was 
greater in  the geographic frame of reference or the s t ra t i graphic 
frame. According to  McFadden (1980) fo r  the n u ll hypothesis,
H0 : Kappai = Kappa2 , (where Kappa^ and Kappa2 are F isher's  precis ion 
parameters in  the geographic and s tra tig ra p h ic  frames respec tive ly ) 
the re levant s t a t is t ic  is :
k2/k !  = F(2(N-1); 2(N-1))
where F(a;b) is  a random variab le  F -d is tr ib u te d  w ith a and b degrees 
o f freedom respec tive ly . I f  the ra t io  exceeds the upper s ig n ifica nce  
point in  Table 4 then the n u ll hypothesis is  re jected  and i t  is  
concluded th a t Kappa2 > Kappa^, w ith the appropriate degree of c e r ta in ty  
and tha t the improvement o f k in  the s tra t ig ra p h ic  frame is  s ig n if ic a n t.  
Likewise i f  k2/ k i  < 1.0 we can conclude th a t the reduction in d ispersion
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Significance points o f k
k = N-l 
FIT
Table 3
N 0.05 0.01
5 2.67 4.08
6 2.33 3.29
7 2.13 2.84
8 1.99 2.55
9 1.89 2.36
10 1.81 2.22
11 1.75 2.11
12 1.70 2.02
13 1.66 1.95
14 1.62 1.89
15 1.59 1.83
16 1.56 1.79
17 1.54 1.75
18 1.52 1.71
19 1.50 1.69
20 1.48 1.66
H0 : The vectors are randomly d is tr ib u te d .
I f  calculated vale fo r k is  greater than tab le  value re je c t 
n u ll hypothesis at .05 or .01 s ign ificance  le ve l.
Table calculated from Watson, 1956.
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Table 4 
Fold Test S ta t is t ic s
I f  k2 /k l f a l ls  w ith in  
range then k2 and k l are 
ind is tingu ishab le  at the 
indicated s ign ificance 
leve l.
Pass
S ignificance Ranges ?
Fail
S ite # 2(N-1) k2/ k l .90 .95 Statu*
WNS-02 24 0.78 .59-1.70 .51-1.98 1
WNS-03 14 1.21 .50-2.02 .40-2.51 ?
WNS-06 14 1.23 .50-2.02 .40-2.51 ?
WNS-07 18 0.39 .54-1.85 .46-2.17 Fail
WNS-09 20 0.79 .56-1.79 .47-2.12 ?
WNS-10 12 1.61 .47-2.15 .37-2.69 •?
WNS-11 30 0.85 .62-1.61 .54-1.84 ?
WNS-12 40 2.66 .66-1.51 .59-1.69 Pass
WNS-13 26 1.19 .60-1.66 .51-1.93 ?
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
43
of the data in  the geographic frame is  s ig n if ic a n t i f  the ra t io  o f 
k2/ k i  is  less than the lower s ign ificance po in t. I f  the value o f 
k2/ k i  is  w ith in  the upper and lower s ign ificance points then we cannot 
conclude at the appropriate confidence level tha t the dispersions in 
the two reference frames are s ig n if ic a n tly  d if fe re n t.  At the 90 
percent s ign ificance level only s ite  WNS-12 passes th is  s ta b i l i t y  
te s t.  However, as McFadden and Jones (1981) po in t out the fo ld  te s t 
is  a useful te s t o f the s ta b i l i t y  o f magnetic remnance only i f  the 
section is  h igh ly  fo lded. Furthermore, random errors in  measuring 
the bedding o rien ta tion  used fo r correcting the samples to  ancient 
horizonta l add a b i t  o f variance to data in  the s tra tig ra p h ic  frame 
which might more than balance the reduced dispersion due to  correcting
fo r  bedding o rie n ta tio n . For th is  reason i t  was decided to  re je c t
only those s ites  fo r  which k2 was s ig n if ic a n tly  greater than k i.  For 
on ly one s ite ,  WNS-07, was the dispersion in the s tra tig ra p h ic  frame
s ig n if ic a n tly  greater than the dispersion in the geographic frame,
thus only WNS-07 was rejected on dispersion c r i te r ia .  Further 
im plica tions o f the fo ld  tes t are included in  the next section. A 
summary o f the status and magnetic d irec tions o f a ll 13 s ite s  is 
shown in Table 5.
Fold Test S ta tis t ic s
The s ta b i l i t y  of the remaining cores was tested to  determine 
the " s ta b i l i t y "  o f the remnance: Was the post-cleaning remnance t ru ly  
a stable DRM or rather a la te r TRM or even a hard VRM? Probably the
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Table 5
Summary o f WNS Magnetic D ire c tio n s a fte r  thermal demagnetization
S ite  # N Geographic S tra tig ra p h ic Status
Dec, Inc, k, ag5) Dec, Inc , ( k » a95)
WNS-01 2 150.8, 57.7, 9 .3 ,32 .4 ) 145.4, 44.7, ( 1 .8 ,73 .4 ) Rejected N<7
WNS-02 13 184.3, 68.4, 11 .4 ,11 .5 ) 001.2, 72.4, ( 8 .9 ,13 .0 ) Selected
WNS-03 8 354.3, 8 6 . 1 , 4 .3 ,2 3 .7 ) 332.4, 58.3, ( 5 .2 ,21 .8 ) Selected
WNS-04 3 147.5, 6 8 . 8 , 70.6 , 9 .6 ) 160 .0 ,-21 .7 , (263 ., 5 .0) Rejected N<7
WNS-05 1 333.0, 6 8 . 0 , ------ , — ) 176.0, 68.0, ( ------ , — ) Rejected N<7
WNS-06 8 00 0 . 1 , 50.6, 41 .0 , 7 .7) 212.2, 69.7, (50 .4 , 7 .0) Selected
WNS-07 10 019.8, 67.3, 35.0, 7.9) 198.1, 70.1 , (13 .8 ,11 .9 ) Rejected k2< k i
WNS-08 2 235.8, 68.7, 3 .5 ,52 .9 ) 248.6, 23.3, ( 3 .2 ,55 .2 ) Rejected N<7
WNS-09 11 040.2, 77.0, 31.7, 7 .5) 232.0, 83.8 , (25 .1 , 8 .4 ) Selected
WNS-10 7 226.7, 82.6 , 58.1 , 6.9) 245.2, 85.0 , (93 .8 , 5.5) Selected
WNS-11 16 139.4, 66.3, 36.5, 5 .8) 268.5, 86.4 , (30 .9 , 6 .3 ) Selected
WNS-12 21 181.7, 52.7, 5 .6 ,12 .9 ) 350.2, 80.5 , (14 .9 , 7.9) Selected
WNS-13 14 317.2, 86.3, 33.8 , 6 .4) 319.3, 74.5, (40 .3 , 5.9) Selected
Grand
Mean 98 163.5, 81.1, 6 .7 , 5.5) 318.0, 82.1 , (12 .9 , 3.9)
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most d e f in it iv e  te s t o f th is  question is  the fo ld - te s t (Graham, 1949; 
Irv in g , 1964; McElhinney, 1973; McFadden and Jones, 1981). Comparison 
of the dispersion o f the sample magnetizations in  the geographic 
frame of reference with th e ir  d ispersion in  the s tra tig ra p h ic  frame 
(Figure 15) should enable us to  determine the re la t iv e  ages of the 
fo ld in g  and the magnetism. I f  there have been post-magnetization 
d if fe re n t ia l ro ta tio n s  between samples o f rocks of the same age the 
dispersion o f the vectors should be greater in  the geographic frame 
( th e ir  present o r ie n ta tio n ) than in  the s tra tig ra p h ic  frame ( th e ir  
o r ie n ta tio n  at the time they acquired th e ir  primary remnance). 
S ta t is t ic a l ly ,  the improvement or d e te rio ra tio n  of the dispersion can 
be evaluated w ith the use o f an F -test (McElhinney, 1973). Using 
such a te s t on the data from WNS-12 we can accept the hypothesis 
tha t the d ispersion decreases in the s tra tig ra p h ic  frame with a 
confidence o f be tte r than 99 percent. McFadden and Jones (1981) 
have proposed a more generalized form o f the same te s t fo r the case 
where bedding from 3 "lim bs" of a fo lded rock sequence are known.
The McFadden te s t also confirms the hypothesis tha t the dispersion 
decreases in  the s tra tig ra p h ic  frame w ith  greater than 99 percent 
confidence.
The reduction in sca tte r demonstrated in  the fo ld  te s t can best 
be understood by examining the sterographic p ro jection  (Figure 16) 
o f the magnetic vector d irec tio ns  (Table 6 ) in the geographic (squares) 
and in  the s tra tig ra p h ic  ( tr ia n g le s ) frames o f reference. Note tha t 
s ite  WNS-12 has been divided in to  three groupings depending on the
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Figure 15. Schematic representation o f 
the fo ld  te s t.  The arrows in d ica te  the 
remnant magnetization vector o f the rock. 
The upper bed f a i l s  the fo ld  te s t,  the 
lower bed passes the te s t.
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N
Figure 16. Classic fold test showing a convergence of vector 
directions of samples from site WNS-12 when bedding corrections 
are applied. This test demonstrates the remnant magnetization 
antecedes folding at the 99% confidence level (F-rat1o test 
after the method of McElhinney (1964)). 12A, 12B, and 12C are 
groupings of the WNS-12 data according to position relative to 
the fold axis.
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Cretaceous Nanushuk Group Fold Test 
Data from WNS-12
Table 6
Group N Geographic S tra tig raph ic
(Dec, Inc, ( k , a g$) (Dec, Inc, ( k , a 95 )
12A 000.7, 54.2, (18.6, 18.7) 147.8, 82.1, (18.3, 18.9)
12B 3 210.5, 47.3, (81.4, 9.0) 306.9, 80.9, (85.6, 8.7)
12C 15 176.3, 41.5, (14.8, 9.4) 353.2, 76.5, (13.7, 9.8)
Ungrouped
WNS-12 21 181.7, 52.7, ( 5.6, 12.9) 350.2, 80.5, (14.9, 7.9)
Paleo latitude estimate = 86.8 ( a 95 high estimate)
71.5 (best estimate)
57.9 ( a 95 low estimate)
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s tru c tu ra l p roxim ity  o f the samples w ith  respect to  the fo ld  axes.
The 12a samples are from the south limb o f the Snowbank A n tic lin e  
w h ile  the 12b and 12c samples are from the north limb o f the Snowbank 
A n tic lin e  and south limb o f the Barbara Syncline respective ly  (Figure 
17).
This re s u lt is  d i f f i c u l t  to  in te rp re t unless we have a c lea r 
estimate o f the tim ing  fo r  the fo ld in g . The wide gentle synclines 
and sharper apex-faulted a n tic lin e s  in to  which the Nanushuk sediments 
have been folded are considered to  be the re s u lt o f the Brookian Oro­
geny. Folding was probably in i t ia te d  sometime in  the Late Cretaceous. 
In the region o f the Umiat te s t  well number 1 loca l erosional uncon­
fo rm ity  w ith in  the Nanushuk Group ind ica tes the s tru c tu ra l deformation 
th a t produced the Umiat A n tic lin e  was probably syndepositional (Payne 
e t a]_., 1952), however Mull (1979) c ite s  an Early T e rtia ry  or la te s t  
Cretaceous age fo r  the onset o f fo ld in g . Although fo ld in g  continued 
well in to  the T e rtia ry  (the youngest beds fo lded are T e rtia ry  age), the 
im portant time is  th a t o f the onset o f fo ld in g . I f  fo ld in g  began in  the 
Late Cretaceous, co inc id ing  to  or c lose ly  fo llow ing  deposition, then 
the fo ld  te s t ind ica tes magnetic s t a b i l i t y  since a t le a s t th a t tim e.
P re lim inary In te rp re ta tion s
The fo ld  te s t s ta t is t ic s  in d ica te  the magnetization pre-dates 
the fo ld in g  and hence is  approximately contemporaneous w ith  deposition,
i . e . ,  Albian to  Cenomanian. Figure 18 shows a stereographic p ro jec tion  
o f the magnetic vectors from s ite s  WNS-02, WNS-03, WNS-06, WNS-09, 
WNS-10, WNS-11, WNS-12, WNS-13 in  the s tra tig ra p h ic  frame o f reference.
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
50
Figure 17. Relationship o f WNS-12 sample locations to  the Barbara 
Syncline and Snowbank A n tic lin e .
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Figure 18. StereograpMc projection of the site means of the 
eight sites determined to be reliable. The asterisk represents 
the grand mean of the ungrouped reliable data.
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Also calculated and p lo tted is  the grand mean of the ungrouped data. 
From these data a v ir tu a l geomagnetic pole (VGP) was calculated and 
p lo tted  in  Figure 19 on a sterographic pro jection  o f the northern 
hemisphere. Also p lo tted on th is  figu re  is  the VGP determined from 
cra ton ic  North America by Mankinen (1978). In order to  bring the two 
together a 100 degree clockwise ro ta tion  and about a 20 degree 
southward s h if t  in pa leo la titude is  necessary. The pa le o la titu d in a l 
estimate is  considered more dependable however, and the ro ta tio n  is  
not wholly proven u n t il we can prove the s tru c tu ra l deformation in 
the area was a s ingle simple event, otherwise considerable declination 
errors are possible (Figure 20), (Stone et_ al_., 1982).
Figure 21 is  a stereographic p ro jection  o f the northern A rc tic  
region with the major continental blocks o f North America and Europe 
rota ted in to  th e ir  re la tiv e  positions at 105 m illio n  years before 
present (reconstruction according to  Pitman and Talwani, 1972).
C irc les o f la titu d e  were drawn about the Eurasian and North American 
VGP while the lines o f longitude were a r b it r a r i ly  positioned. Present 
coastlines are used to  aid in o rien ting  the reader. Dashed lines 
ind ica te  the pa leo la titude mean obtained from WNS-02, WNS-03, WNS-06, 
WNS-09, WNS-10, WNS-11, WNS-12, WNS-13 data and the ags confidence 
in te rva l o f that estimate.
The paleomagnetic data seem to ind ica te  tha t northern Alaska was 
not in  i t s  present position re la tiv e  to  the rest o f North America by 
e a rly  Late Cretaceous. This conclusion is  at odds with many of the 
proposed models fo r the evolution of the Canada Basin and northern
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Figure 19. Virtual Geomagnetic Pole (VGP) from the Late Cretaceous 
Nanushuk Group shown with respect to the present location of the sites 
and present coastlines. The Late Cretaceous N. American pole position 
shown was derived from cratonlc N. American paleomagnetlc data by 
Manklnen (1978).
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Figure 20. 180° dec lina tion  e rro r produced as a re su lt of m is in ­
te rp re ta tio n  o f two episodes o f fo ld in g  as one sing le episode. The 
arrows represent the d ire c tio n  of magnetization o f the bed.
From Stone et a l . ,  1982.
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.orth Apencan VGP 
nen (1978)
Figure.21. Plate tectonic reconstruction of major 
continental blocks showing, their positions at 
approximately 105 mybp. Present coastlines are 
shown to aid 1n orienting the reader. Also shown 
1s the paleolatltude estimate with its a 5 5  
confidence limits. The North American VGP Is that 
of Manklnen (1978).
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Alaska. Most o f those models (T a ille u r, 1973; Newmann et £j_., 1977; 
Churkin and T rex le r, 1980; Jones, 1980) argue tha t northern Alaska 
was in i t s  present pos ition  re la t iv e  to  North America by at least the 
e a r lie s t Cretaceous. This 40 m illio n  year tim ing d is p a r ity  is  no 
small matter and the re la t iv e  merits of the d iffe re n t reconstructions 
are discussed in d e ta il in  a la te r  section. For now i t  is  s u ff ic ie n t 
to  note tha t while proving neither the ro ta tio n a l hypothesis nor the 
northward d r i f t  hypotheses the paleomagnetic data seem to  be more 
compatible with the northward d r i f t  models because they allow the 
onset of the Brookian Orogeny to  occur in  more southerly pa leo la titudes.
PALEOBOTANY AND PALEOCLIMATOLOGY OF NORTHERN ALASKA 
The Relation Between Paleoclimatology and Paleogeography
Extensive sequences o f coal are present in  the Cretaceous Nanushuk 
Group of northern Alaska. Coal resource estimates fo r  Northern Alaska 
range from 100 b i l l io n  tons to  4 t r i l l i o n  tons (T a ille u r and Brosge, 
1975; Barnes, 1967) (Figure 22 and Table 7) which put these coal 
deposits among the la rgest coal deposits o f North America. These 
occurrences seen anomalous when one considers tha t accepted North 
American paleogeographic reconstructions fo r  the Cretaceous and 
Cretaceous paleomagnetic data fo r  cratonic North America ( Irv in g ,
1979) put northwestern Alaska closer than 10 degrees to  the North 
geographic pole (Figure 19). This raises the question as to  whether 
i t  is  possible fo r  these northern Alaskan coals to  have been derived 
from forests growing so close to  the magnetic, and by im p lica tion , 
geographic pole. Several models have been proposed in recent years
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Figure 22. Present location o f the A rc tic  Alaskan Coal Province 
(s tip p le d ). T a ille u r and Brosge (1975) estimated coal reserves o f 
between 100 b i l l io n  and 4 t r i l l i o n  tons fo r  the province.
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Table 7
Hypothetical Coal Resources in  m illio n s  o f tons in  the 
Nanushuk Group in  the National Petroleum Reserve—Alaska, 
(from Callahan and M artin , 1980.)
Rank Thickness ( f t )  Subtotals Total
2 .5 -5 .0  196,000
Sub-bituminous 5.0-10.0 215,000 478,000
10.0+ 66,900
1 .2-5 .0  170,000
Bituminous 5.0-10.0 122,000 370,000
10.0+ 77,600
1.2-5 .0  366,000
Subtotals 5.0-10.0 337,000 848,000
10.0+ 145,000
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to  explain the evolution of the Canada Basin and northern Alaska 
(T a ille u r, 1973; Newman et a l . ,  1977; Churkin and T rexle r, 1980;
Jones, 1980). A ll o f these require northern Alaska to  be in  i ts  
present position w ith respect to  North America during Albian to early  
Cenomanian time. A proper discussion o f the re la tiv e  merits of these 
models should examine the paleontologic evidence from the Nanushuk 
Group. Large scale motions o f the northern Chukotka-Alaska p la te  
with concommitant reorganization o f A rc tic  paleogeography must in turn 
have had an e ffe c t upon the paleoclimate o f the area. The A tla n tic  
Ocean had ju s t begun to  open in  the Albian (Pitman and Talwani, 1972); 
and i f  we assume the continents o f Eurasia and North America have 
had no large scale in te rna l deformations since tha t tim e, there must 
have been a s ig n if ic a n t oceanic seaway between a rc tic  Alaska and the 
Siberian Craton. This reen tran t, the Sinus Borealis of Dietz and 
Holden (1970), probably allowed fo r much more communication with the 
northern P ac ific  Ocean than the present Bering S tra its . The Bering 
Sea must have been a s ig n if ic a n t oceanic seaway with much more 
communication with the Northern P a .if ic  Ocean. This alone probably 
excludes the p o s s ib ility  o f an A rc tic  ice cap and resu lts  in  profound 
im plications fo r northern Alaska's paleoclimatology.
Previous Paleoclimatic In te rp re ta tions o f Northslope Floras
Smiley (1967, 1969a) in terpreted the paleoclimate of the Late 
Cretaceous o f northernmost Alaska as tha t of a "humid, coastal p la in , 
near sea le v e l."  From an analysis o f the la te s t Early Cretaceous
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(Albian) to  Late Cretaceous (Cenomanian) Nanushuk and C o lv ille  f lo ra s  
and Vakhrameev's (1964) Late Jurassic to Albian sequences in the 
Kolyma and Lena River areas of eastern S iberia , Smiley decided tha t 
the observed paleobotanical d is tr ib u tio n s  were the re su lt o f a w idely 
recognized Cretaceous "world-wide" warming (Frakes, 1979). This 
warming trend peaked during the Albian and was followed by world-wide 
cooling through the Maestrichian.
Smiley (1976) concluded that the northern and central Alaskan 
flo ra s  as well as the Russian flo ra s  from the Lena and Aldan River 
regions (Figure 23) ind ica te  no re la tiv e  motion between Alaska and 
the Chukotsk Peninsula since the Albian. Smiley notes a gradual 
decline in  the s im ila r ity  o f the f lo ra l communities as one moves 
westward with no large jumps along e ithe r Churkin's (1972) or 
Hamilton's (1970) p late boundaries. Smiley (1976) concluded that 
there have not been any s ig n if ic a n t tecton ic displacements between 
Eurasia, S iberia , and Chukotka-Alaska and argued tha t large-scale 
tecton ic movements between the major cratons in the Late Mesozoic are 
un like ly .
Major p late tec ton ic  motions, as mentioned before, should have 
profound im plications fo r the paleoclimates o f the involved regions. 
Smiley observed tha t a ll paleoclim atic varia tions could be a ttr ib u te d  
to  world-wide cooling and warming without continental d r i f t  or s h if ts  
in the in c lin a tio n  of the Earth's axis of ro ta tio n . Within the la s t 
ten years general acceptance o f p late tectonics has grown so tha t i t  
now represents a major paradigm of geology. Smiley's e a r lie r
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Figure 23. Correlation of five Cretaceous sections across Alaska and 
Siberia along with graphs of floral similarity and species identity.
The species identity index indicates the percentage of species that are 
identical with ones in northern Alaska. Floral similarity indicates the 
percentage of species that are Identical or closely similar. Marine 
sections are indicated by a "m“. The roman numerals in the location 2 
section refers to floral zones of Smiley (1967). According to Smiley 
(1976) smoothly increasing taxonomic similarity with decreasing distance 
from northern Alaska precludes the presence of major tectonic dislocations 
along either the proposed boundaries of Churkin (1972) or Hamilton (1976).
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
62
in te rp re ta tions  o f Alaskan paleoclim atology should be reconsidered in  
the l ig h t  of recent p la te  tec to n ic  hypotheses.
Even i f  the Cretaceous was warm enough to  permit extensive 
fo res ts  in the po lar regions where accepted p la te  reconstructions 
would put th is  part o f Alaska at th a t time ( Irv in g ,  1979) (which is 
20 degrees fa rth e r north than Smiley believed i t  to  be (Figure 21)) 
p lan t l i f e  in  those regions would be subject to  extreme seasonal 
va ria tions in l ig h t  cond itions. Incident l ig h t  would also be lim ite d  
to  oblique angles p lacing add itiona l constra in ts  on the amount o f 
photosynthesis possib le , thus adding to  the problems of producing 
s u ff ic ie n t biogenic a c t iv i ty  to  generate a huge coal deposit.
Wolfe (1978) noted tha t broad-leaved evergreens w ith medium­
sized leaves ra re ly  occur north o f 50 degrees la t itu d e  today. He 
hypothesized tha t the l ig h t  conditions at la titu d e s  greater than 60 
degrees, regardless o f the c lim a te , would impose seasonal va ria tio ns  
in  photoperiod th a t are too severe fo r  the general su rv iva l o f broad­
leaved evergreens, and th a t deciduous forms would predominate w ith 
perhaps a s lig h t broad-leaved evergreen component.
The ro le  o f seasonal v a ria tio n  in  l ig h t  conditions remained 
p r im a rily  an a g r ic u ltu ra l concept u n t il about twenty years ago. One 
ea rly  a r t ic le ,  however, (A lla rd , 1949) dea lt w ith the s ig n ifica nce  o f 
photoperiodism on the scale o f geological tim e. A lla rd  suggested 
tha t the Cretaceous, which was w idely recognized as a period o f 
genera lly warm and equable world-wide climates during which tro p ic a l 
p lan t forms extended s ig n if ic a n t ly  in to  the present temperate la titu d e s ,
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was characterized by near zero o b liq u ity  o f the Earth 's ax is. To 
some extent A lla rd 's  hypotheses involve the m igration of "geofloras", 
but a geoflora m igration not_ necessary to  h is o b liq u ity  argument 
(A lla rd , 1948). A lla rd  reasons tha t Cretaceous f lo ra s  generally had 
tro p ic a l a f f in i t ie s  w ith tro p ic a l forms known from high la titudes in 
both the northern and southern hemispheres (e .g . M ildenha ll, 1976; 
Frakes, 1979; McKenna, 1980). He argued tha t these flo ra s  had 
evolved temperature and photoperiod a f f in i t ie s  based on an equable 
c lim ate w ith an inva riab le  twelve hour day. A gradual departure from 
near zero o b liq u ity  in  the ea rly  T e rtia ry  brought about two important 
stresses on the ea rly  T e rtia ry  high la titu d e  f lo ra s . F irs t, the high 
la titu d e s  became less equable and second, the annual va ria tion  in 
photoperiod became severe. Angiospermous forms were in  th e ir  e a r lie s t 
stages at the time o f th is  revo lu tion  in photoperiod. Perhaps some 
of these herbaceous angiosperms were already short-day types or 
annuals and A lla rd  suggests these types f i l l e d  the gaps le f t  by the 
dec lin ing  gymnospermous types. From th is  point on A lla rd  re lie d  upon 
the "d ispersa l" and m igration o f what Chaney (1940) called the "A rcto- 
T e rt ia ry  Geoflora". The geoflora concept has given way to  more 
e v o lu tio n a r ily  sound hypotheses concerning the re la tio nsh ip  between 
T e rtia ry  f lo ra s , but the underlying mechanism fo r  the early  T e rtia ry  
paleobotanical revo lu tion  is  the same as other authors have recently  
proposed, p r in c ip a lly  Wolfe (1975, 1977, 1978, 1980).
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
64
Light and the Physiology o f Plants
The ro le  of photoperiodism in plants is  re lated to a unique 
metabolic mode in  p lants: Photosynthesis. I t  is  through photosynthesis 
tha t plants can capture and store the energy o f sun ligh t. In order 
to use tha t energy plants must respire (take in oxygen, give o f f  
carbon dioxide). Most plants re ly  e n t ire ly  on food produced by th e ir  
own photosynthesis to  maintain th e ir  re sp ira tio n . Both photosynthesis 
and resp ira tion  are complex functions o f many environmental facto rs 
such as temperature, l ig h t ,  and a v a ila b il i ty  o f water and n u tr ie n ts .
Each species has a ch a ra c te ris tic  re la tionsh ip  between these variab les. 
The point where photosynthesis ju s t balances resp ira tion  is  termed 
the compensation po in t. The compensation point is  an ind ica tion  of 
the minimum lig h t level tha t the plant can survive in d e f in ite ly .
Light levels below the compensation point represent a net loss of 
food fo r the plant and under these conditions the plant would eventually 
starve. The lig h t  compensation points fo r  various groups o f plants 
are shown in  Table 8 . In Table 9 the average d a ily  inso la tion  in 
Fairbanks fo r each month is  presented (Wendler, 1980). Throughout 
th is  analysis Fairbanks (65 degrees o f la titu d e ) inso la tion  is  assumed 
to  approximate the inso la tion  in northern Alaska during Albian to  ea rly  
Cenomanian time, assuming no changes in the o b liq u ity  o f the ea rth 's  
spin axis (67-82 degrees pa leo la titude as determined by the paleomag­
netism study). Table 8 also shows the equivalent l ig h t in te n s ity  i f  
each day's inso la tion  were spread over twenty-four hours. These 
simple ca lcu la tions, based on observed so lar ra d ia tion , point out the
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Compensation points o f various plant groups in w a t t / m 2 .  
Data from Larcher (1973).
Table 8
Plant Group Compensation Point (watt/m?)
Herbaceous plants 
C4 plants 
Crop plants (C3 ) 
Sun plants 
Shade plants
1.47-4.41
1.47-2.94
1.47-2.94 
0.29-0.74
Deciduous trees 
Sun leaves 
Shade leaves
1.47-2.21
0.44-0.88
Evergreen trees 
Sun leaves 
Shade leaves
0.74-2.21
0.59-0.44
Mosses 0.59-2.94
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Solar rad ia tion  in  Fairbanks ( la t itu d e  = 65°N) 
From Wendler, 1980.
Table 9
Month Mean of the d a ily  
so lar rad ia tion
Equivalent ra d ia tio n  in 
24 hrs . o f constant l ig
watt/m^ watt/m^
January 127.9 5.33
February 748.3 31.18
March 2324.6 96.86
Apri 1 3876.0 161.50
May 5517.2 229.88
June 5103.5 212.65
July 4941.3 205.89
August 3762.0 156.75
September 2248.8 93.70
October 801.6 33.40
November 185.4 7.73
December 42.1 1.75
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extreme e ffic ie n c y  o f p lants at low l ig h t  le ve ls . Only in  the month 
o f December would a few p lant groups not "break even". This analysis 
ignores the manner in  which l ig h t  is  d is tr ib u te d  throughout the day. 
December c e r ta in ly  does not consist o f days o f un ifo rm ly low l ig h t  
leve l (1.75 watt/m2). Perhaps the maximum l ig h t  levels during December 
days are too great to  be e ffe c t iv e ly  used by the p lan t. Plants have 
a sa tu ra tion  po in t at which fu rth e r increase in  illu m in a tio n  produces 
l i t t l e  or no fu rth e r increase in  ra te  o f photosynthesis. Figure 24 
g ra p h ica lly  shows th is  re la tio n  fo r  shade and sun leaves o f two trees . 
I f  a s ig n if ic a n t portion  o f the d a ily  in s o la tio n  were received at 
in te n s it ie s  greater than the sa tu ra tion  po in t th is  rad ia tion  could 
not be e ffe c t iv e ly  used by the p la n t. Table 10 shows ty p ic a l satura­
t io n  points fo r  some major p lan t groups.
These data are to  be compared to  the mean d iurnal course o f 
so la r ra d ia tio n  in  the representative  months shown in  Figure 25. For 
on ly  three groups (the shade components o f herbaceous, deciduous, and 
evergreen p lan ts) is  sa tu ra tion  approached i f  the maximum l ig h t  
in te n s ity  at noon in  December is  approximately 20 watt/m?. These, 
however, are the groups w ith the lowest compensation points (Table 8 ) . 
Thus a l l o f the representative p lan t groups in  Tables 8 and 10 would 
bare ly survive the l ig h t  regime in  Fairbanks.
Surviving and th r iv in g  are two q u ite  d if fe re n t th ings. Even i f  
a p lan t survived the Fairbanks l ig h t  regime i t  does not fo llo w  tha t 
these plants would reproduce in  Fairbanks. Indeed i t  is  the functions 
o f reproduction tha t are most d ra s t ic a l ly  a ffected by a photoperiod
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Figure 24. Light response of sun and shade leaves o f Quercus ile x  
(sc lerophyllous) and Fagus sy lva tica  (deciduous) i l lu s t ra t in g  Tigfit 
sa tu ra tion . From Larcher, 1965.
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Saturation points o f various plant groups. 
From Larcher (1973)
Table 10
Plant Group Saturation Point (watt/m^)
Herbaceous plants 
C4 plants 
Crop plants (C3 ) 
Sun plants 
Shade plants
117.6+
44.12-117.6
73.53-117.6
7.35-14.71
Deciduous trees 
Sun leaves 
Shade leaves
36.76-73.53
14.71-22.06
Evergreen trees 
Sun leaves 
Shade leaves
29.41-73.53
7.35-14.71
Mosses 14.71-29.41
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HOUR OF DAY
Figure 25. Mean diurnal course o f solar rad ia tion  in Fairbanks 
(Latitude = 65°) in December, March, June, and September.
From Wendler, 1380.
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s tress . Failure to flow er or set seed could be ju s t  as fa ta l to  the 
long-term surv iva l o f a p lant species in  a s p e c ific  area as s ta rv a tio n .
The most we can conclude from Larcher's data is  th a t the l ig h t  
regime in  Fairbanks today is  ju s t  bare ly s u f f ic ie n t  fo r  the su rv iva l 
o f evergreens. Presumably herbaceous (annuals or perennia ls) and 
deciduous forms could cope w ith th is  l ig h t  regime by entering a 
dormant s ta te  fo r  whatever period was necessary. The su rv iva l o f 
broad-leaved evergreens at la titu d e s  greater than 65 degrees 
(Fairbanks) is  very doub tfu l. This cons tra in t on the la t itu d e  o f 
evergreen forms is  not dependent so much on the adaptation o f a s ing le  
p lan t as on the lim its  o f photosynthesis.
Sunlight is  ju s t  one fa c to r in  the to ta l environment o f the 
p la n t. R a in fa ll,  temperature, and n u tr ie n ts  a l l  also add or de trac t 
from the p o s s ib i l ity  o f surv iva l o f p lan ts . These are not discussed 
in th is  paper as they are part o f much more complicated systems whose 
h is to ry  through geologic time is  d i f f i c u l t  to  in te rp re t.  Temperature, 
a seemingly simple parameter to  handle, is  complicated by the patterns 
o f oceanic and atmospheric gyres, the output o f the sun, and other 
fa c to rs . Even i f  the problem o f nonequable so lar ra d ia tio n  is  solved 
(by changes in o b liq u ity  or re d is tr ib u tin g  the land masses) a much 
more powerful process o f heat tra n s fe r must be proposed than the 
present system of oceanic and atmospheric gyres, to  a llow  equato ria l 
heat to  be pumped up to  a rc tic  la t itu d e s . The w ider, and probably 
deeper, Sinus Borealis might allow such heat tra n s fe r . Temperature 
fu rth e r complicates the simple analysis o f l ig h t  compensation po in ts
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by changing both the ra te  o f re sp ira tio n  and photosynthesis. Figure 
26 shows the re la tio n  between net photosynthesis and temperature 
compensation fo r  four species. The so lid  lines ind icate the amount 
o f CO2 used by photosynthesis. The dashed lines ind ica te  the CO2 
derived from re s p ira tio n . The temperature compensation point is 
defined as the temperature where the CO2 derived from resp ira tion  
equals tha t consumed by photosynthesis.
Although the complicated variables o f r a in fa l l ,  temperature, and 
nu trien ts  are a l l extremely important to  p lant su rv iv a l, i t  seems 
th a t none o f these environmental facto rs  could ameliorate the sunlight 
regime to  allow fo r  the p r o l i f i c  broadleaf evergreen flo ra s  o f a rc tic  
Alaska in the Cretaceous. On the other hand the e ffec ts  o f changes 
in  other physical properties o f the atmosphere, such as op tica l 
sca tte ring , should be investiga ted .
L a titud ina l Extent o f Broad-Leaved Evergreens
The e ffe c t o f temperature on resp ira tion  and photosynthesis and 
thus on the compensation po in t could re su lt in  another stress upon 
the system. I f  the o b liq u ity  o f the Earth has remained f ix e d , the 
re su ltin g  seasonal v a ria tio n  in  temperature (corresponding to  a 
va ria tio n  in  l ig h t )  allows low temperatures in the w inter to  m itigate 
the resp ira tio n  losses when photosynthesis is  at i t s  lowest le ve l.
I f  we attempt to allow fo r  tro p ic a l forms at high la titu d e s  by simply 
ra is ing  the mean temperature o f the e n tire  Earth the re su ltin g  warm 
w inters would not allow low w in ter resp ira tion  rates to  match the
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Taxus
Figure 26. Relationship between gross photosynthesis, dark 
re sp ira tio n , and temperature in various species. The in te r ­
sections o f the dashed and so lid  lines ind ica te  the compensation 
temperatures, at given lig h t le ve l, fo r  each species.
From Bannister, 1979.
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low photosynthetic ra te . Only a decline in the seasonality of in so la ­
t io n  would allow fo r  the surv iva l o f broad-leaved evergreen forms.
This in te rp re ta tion  is  not based upon in fe rred  un ifo rm ity  through
time of any o f various plant species, which is  a dubious assumption,
but rather on an in fe rred  un ifo rm ity  o f the process o f photosynthesis. 
When discussing the lim its  o f photosynthesis one deals with quantities  
which are fa r less variab le  than genetic c h a ra c te ris tic s ; the ra te  
and process o f photosynthesis is  more akin to  a chemical reaction and 
as such should be less variab le  in time.
From some general observations concerning the l ig h t  compensation
points o f various plant groups, i t  is  possible to  establish minimum 
l ig h t  in te n s it ie s  fo r  those plant groups. When those minimums are 
compared with the observed l ig h t  levels in  Fairbanks, we see that 
d a ily  l ig h t  level is  a l im it in g  fac to r in m id-w inter. Plants unable 
to  enter a w inter dormant sta te  would probably not survive the 
Fairbanks lig h t  regime. These in te rp re ta tions  are s im ila r to  those 
made by Wolfe (1978, 1980), although Wolfe's observations were based 
on plant biogeography.
I t  would be a simple exercise to  extend these observations to 
include other va rie tie s  o f plants (perhaps includ ing the exotic 
Northslope flo ras  of Scott and Smiley, 1979) i f  compensation point 
data were available fo r  those exotic types. Further work is  needed 
to  determine the lim its  o f photoperiodism fo r plants other than 
ag ricu ltu ra l v a r ie tie s , i f  photoperiodism is  to  be used in  the 
in te rp re ta tio n  o f ancient environments. Photoperiodism is ,  however,
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a plant ch a ra c te ris tic  tha t is  not lim ite d  in  the way tha t compensation 
po in t is .  Photoperiodism can be s ig n if ic a n t ly  a ltered by natural 
se lection and as such can not be used in  any u n ifo rm ita r ia n is t ic  argu­
ment.
In the coal bearing deposits o f northern Alaska Smiley observed 
the Albian f lo ra l dominants to  be "fe rn s , cycadophytes, dissected 
ginkgoids and con ife rs" (Figure 27). Almost a ll contemporary cycads 
and con ife rs have evergreen hab its while the only contemporary 
ginkgoid, Ginkgo b iloba is  deciduous. The weight o f the paleobotanical 
evidence would seem to  be against an extreme polar location fo r  the 
development o f these coals. The sometimes ambiguous re la tionsh ips  
between liv in g  and e x tin c t p lan t species leads to  a problem inherent 
in  paleontological genera liza tions. In te rp re ta tions  o f paleoclimates 
and botanical h a b it, fo r instance deciduous vs. evergreen, is  prone 
to  e rro r i f  based so le ly  upon taxonomic and s t r ic t  evolutionary 
re la tio nsh ips . Paleoclim atic in te rp re ta tio n  should also be based 
upon the physical aspects o f the paleobotanical m a te ria l. Useful 
physiognomic ch a rac te ris tics  o f broad-leaved fo lia g e  inc lude: Type o f 
margin, s ize , tex tu re , type o f apex, and the type o f base and p e tio le  
(Wolfe, 1970, 1979). These physiognomic characters have yet to  be 
f u l l y  studied in  the Cretaceous flo ra s  o f the Alaskan A rc tic .
In Wolfe's (1978) in te rp re ta tio n s  o f T e rtia ry  f lo ra s  o f western 
Washington and the Gulf o f Alaska, a large gradual decrease in  the 
o b liq u ity  (to  approximately 5 degrees in  the middle Eocene) followed 
by a rapid increase (to  approximately 25 to  30 degrees at the end
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of the Eocene) could possibly account fo r  the T e rtia ry  c lim a tic  trends 
described by Wolfe. Wolfe, much the same as A lla rd  (1948), suggests 
tha t the spin axis o f the Earth changed in response to  precession and 
astronomical perturbations s im ila r to  those hypothesized by Ward 
(1973). The actual mechanisms tha t could be responsible fo r  such 
va ria tions in the in c lin a tio n  o f the Earth's axis are necessarily 
complex and have yet to  be adequately explained. Although they could 
account fo r  some of the observed va ria tions in clim ate and paleobotanical 
d is tr ib u tio n s  these va ria tions can also be explained through changes 
in  the regional paleogeography.
Paleobotany o f Canadian A rc tic  Islands
Prelim inary palynological in te rp re ta tions  o f Albian spores and 
pollen from E lle f and Amund Ringes Islands and M e lv ille  Island o f the 
Canadian A rc tic  Archipelago ind ica te  a moist, warm-temperature climate 
(Hopkins, 1971; Hopkins and B a lk w ill,  1973; Hopkins, 1974). These 
rocks can be d ire c t ly  tie d  to  the North American craton since at 
least Paleozoic time (B a lk w ill, 1978; Kerr, 1980) and based on 
paleomagnetic data must have been situated at approximately 
70 + 5 degrees la titu d e  at the beginning o f Albian tim e. The in fe rred  
f lo ra l assemblages ind ica te tha t the sub-arctic  c lim a tic  regime was 
considerably warmer than at present. The m icro flo ra  ind ica te  the 
predominant forms to  be con ife rs and ferns with a minor component of 
monocolpate pollen a ttr ib u te d  to  Cycadales or Bennettita les.
Comparison o f m icrofloras o f the Canadian A rc tic  with the
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megafloras described by Smiley (Scott and Smiley, 1979) fo r  northern 
Alaska is  at best problematic. The re la tiv e  d ifferences in taphonomy 
o f spores and pollen versus lea f and stem remains are exceedingly 
d i f f ic u l t  to  evaluate and in te rp re t. At f i r s t  glance i t  would seem 
tha t northern Alaskan flo ra s  were r iche r in broad-leaved evergreen 
components than the Canadian A rc tic  Islands f lo ra l communities, 
but paleontological control is  not s u f f ic ie n t ly  f in e  to  allow a 
meaningful contrast to  be drawn. I f  northern Alaska was in i ts  
present position  re la t iv e  to  North America in the A lb ian, as most 
tecton ic reconstructions demand, the Canadian A rc tic  Island flo ra s  
( la titu d e  70 + 5 degrees) should show s tr ik in g ly  greater tro p ica l 
a f f in it ie s  than the northern Alaskan flo ra s  ( la t itu d e  8 8 + 5  degrees). 
However the presence o f what might be in terpreted as broad-leaved 
ever;. «en pollen in  the Canadian A rc tic  Islands sample (w ith paleo- 
la titu d e  greater than Wolfe's (1980) empirical northern l im it  fo r 
broad-leaved evergreens) is  in i t s e l f  perplexing and casts a small 
shadow of doubt on the e n tire  analysis. This data from the Canadian 
A rc tic  Islands, i f  substantiated by megafossils co llected from th is  
same section, would tend to  support the variab le o b liq u ity  model of 
Wolfe (1978). This also assumes, reasonably, tha t the A rc tic  Islands 
were tie d  to  North America through a l l the Mesozoic.
PALEOGEOGRAPHY AND PLATE TECTONICS 
Introduction
I t  has become apparent on the basis of paleomagnetic, s tru c tu ra l,
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and s tra tig ra p h ic  observations tha t northern Alaska has not remained 
r ig id ly  fixed  with respect to  North America throughout the Paleozoic 
and Mesozoic (T a ille u r, 1969, 1973; Newman et al_., 1977; Sweeney 
et , 1978; Churkin et al_., 1979; M ull, 1979; Kerr, 1980).
The A rc tic  Alaskan or Chukotka-Alaskan plate (Figure 28) as defined 
by Newman e ta l_ . (1977) or Churkin (1973) and Churkin and Trexler 
(1980) is  believed to  be bordered on the south by the Kobuk Suture 
and on the north by a typ ica l passive continental margin. A rc tic  
Alaska's eastern and western margins are less well understood. The 
eastern margin is  probably marked by the Porcupine lineament near the 
Mackenzie Delta. In the west several boundaries have been suggested 
(Churkin, 1973; Patton and T a ille u r, 1977; Sweeney et al_., 1978;
Churkin and T rexle r, 1980) and include d if fe r in g  amounts o f the 
Chukotsk Peninsula northeast of the southern Anyuy Foldbelt as part 
o f a large "Chukotka-Alaska p la te ", while Churkin (1973) included 
the Kolyma Block as part o f Chukotka-Alaska.
Rotation Hypothesis
The motion commonly ascribed to  the Chukotka-Alaska plate 
(Rickwood, 1970; T a ille u r , 1973; Newman et a l . ,  1977; Grantz et a l . ,  
1979) is  a counter-clockwise ro ta tion  out o f the Canada Basin in it ia te d  
in the la te s t Jurassic and completed in  the Cretaceous. This hypothesis 
puts the study area in  northern Canada in  the Early Jurassic with the 
counter-clockwise ro ta tion  ending in about Neocomian time with a 
continental c o llis io n  with parts of southern Alaska. This
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Figure 28. The a rc tic  Alaskan or Chukotka-Alaska p la te  as defined 
by Churkin and Trexle r (1980) and i t s  re la tio n s h ip  to  other tec ton ic  
elements o f the A rc tic  Ocean.
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reconstruction re s u lts  in  some possible c o n f lic ts  with the bathymetry 
(Sweeney et al_., 1978) and with the ava ilab le  magnetic anomaly data 
from the A rc tic  Ocean (Vogt e t al_., 1979). The supposed f i t  between 
the two segments of continenta l margin (Figure 29) and also the space 
ava ilab le  fo r  the ro ta tio n  are also problematic.
The Chukchi Borderland forms a bathymetric plateau tha t extends 
nearly 200 kilom eters perpendicu larly from a nearly linea r continental 
margin. However, the Chukchi Borderland has no complimentary embayment 
in the Sverdrup Basin region in to  which i t  could possib ly f i t .  Grantz 
et ^1_., (1979) suggest th a t the Chukchi Borderland r i f te d  o f f  Chukotka 
Alaska a fte r ro ta tio n  thus preserving a lin e a r northern margin fo r  
Chukotka Alaska u n t i l  a fte r  r i f t i n g .  The evidence fo r th is  p o s s ib ility  
is  tenuous and more data from the Chukchi Borderland are needed.
O rig in a lly  the ro ta tio n  hypothesis was proposed to  help explain 
the s im ila r ity  between the Ellesmerian lith o lo g ie s  o f northern Alaska 
(Brosge and T a ille u r ,  1971; Detterman et £ l_ ., 1975; Grantz et a l . ,
1979), and the Ellesmerian section in  the Sverdrup Basin (B a lk w ill, 
1978), the paleocurrent d irec tio ns  in those rocks, and the paleomag- 
ne tic  data o f Newman et al_., (1977). Recently Churkin and Trexler 
(1980) have noted th a t paleocurrent data in northern Alaska and the 
Sverdrup Basin both show east to  west tra n sp o rt. Thus a s im ila r ity  
in paleocurrent d ire c tio n  is  noted in  a rc tic  Alaska and the Sverdrup 
Basin in th e ir  present co n fig u ra tion --w ith  no ro ta tio n . A d d itio n a lly , 
those e la s tic s , assumedly re la ted to  the onset of r i f t in g ,  are of 
ne ither the same provenance nor age. Furthermore, Hillhouse and
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Figure 29. The Canadian a rc tic  continental she lf (as defined by 
the 1000 M isobath) a fte r ro ta tion  about a pole at 69.1°N, 130.5°W. 
From Grantz e t a l . ,  1979.
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Gromme (1981) concluded tha t . .the thermal disturbance created by 
the Brooks Range Orogeny has probably destroyed the Paleozoic magnetic 
signature that is  required to  prove the ro ta tion  hypothesis."
Other evidence c ited  (Grantz et aQ_., 1979) in  support o f the 
ro ta tion  hypothesis includes geophysical and geological data such as 
1) the bathymetric f i t  o f the Canadian A rc tic  Archipelago to  the 
northern edge o f Chukotka-Alaska i f  the Chukchi r is e  is  collapsed 
back in to  the continental margin and 2) pos itive  free a ir  g ra v ity  
anomalies which trend across the Canada Basin roughly b isecting  the 
region of "spreading". The g rav ity  anomalies are believed to  ind ica te  
anomalously shallow crust associated with a spreading ridge ; and 
3) the roughly co rre la tiv e  Ellesmerian sections o f A rc tic  Alaska and 
the Sverdrup Basin.
A high degree of co rre la tio n  between geologic sections o f she lf 
sediments from two passive margins thousands o f kilometers apart but 
adjacent to  the same ocean should not be su rp ris ing , however. I f  the 
two sections were located on re la t iv e ly  stable margins w ith in  a 
reasonable la t itu d in a l range, eustatic sea-level va ria tions could 
produce very s im ila r geologic sections with p a ra lle l depositional 
h is to rie s  and even s im ila r b ios tra tig raph ies  at w idely separated 
locations.
Northward D r if t  Models
In contrast to the ro ta tio n  hypothesis, several other hypo­
theses have been advanced which advocate a no rthe rly  motion of
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Chukotka-Alaska in  the Mesozoic (Jones, 1980; Churkin and T rex le r,
1980). Much of southern Alaska and western Canada consists o f large 
blocks and t in y  s liv e rs  o f continental and oceanic c rus t th a t have 
experienced large n o rth e rly  motions in the past (Jones et_ al_., 1977; 
Monger and Irv in g , 1980; Stone et al_., 198?). I f  in  fa c t there is  
only a l i t t l e  tr ia n g le  o f t r u ly  "ancestra l" Alaska, (Figure 1) then 
the p o s s ib il ity  o f c rus ta l movement in to  the A rc tic  Ocean from the 
P a c ific  is  very good. The accretion o f the in te r io r  Alaskan terranes 
had probably begun by the la te  Early Cretaceous; how fa r  tha t accretion 
had progressed is  unknown. The Sinus Borealis was probably wider 
during the Cretaceous fo r  at least two reasons: the c los ing  o f the 
A tla n tic  and the incomplete accretion o f southern and in te r io r  Alaska.
Jones (1980) suggests tha t two major s t r ik e - s l ip  systems have 
dominated the tec ton ic  h is to ry  o f Alaska and the Canada Basin in  the 
la te  Paleozoic and Mesozoic. The Kaltag fa u lt  system (Figure 30) 
extends northeaste rly  from near Unakaleet along the Yukon and Porcupine 
Rivers through northwestern Canada and along the northern edge of the 
Canadian A rc tic  Archipelago where i t  jo in s  the North A tla n tic  spreading 
ridge system. The trace  o f the Kaltag Fault system is  approximately 
a small c ir c le  as would be demanded by a transform  s t r ik e - s l ip  system. 
Jones recognizes another major s t r ik e -s l ip  system, the T in tin a  Fault 
system, which extends from i t s  junction  w ith the Kaltag system 
southward through v ir t u a l ly  the e n tire  length o f the Yukon. The 
T in tina  system gradua lly  loses i t s  d e f in it io n  in  B r it is h  Columbia as 
i t s  motion is  taken up by the many s t r ik e -s l ip  features o f the western
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Figure 30. A model fo r  the evolution o f the Canada Basin and 
a rc tic  Alaska proposed by Jones (1980).
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North American C o rd ille ra . The northward extension of the T in tina  is 
Jones's hypothetical "Beaufort-Laptev Fault", a s t r ik e -s l ip  feature 
roughly traced by the Alaskan boundary of the Canada Basin (Figure 
30). The o ffs e t between the T in tin a  and the Beaufort-Laptev Faults 
is  a ttribu ted  to dextral s lip  o f about 560 kilometers along the Kaltag 
Fau lt. Jones's p icture o f the tec ton ic  evolution of northwestern 
North America and the Canada Basin is  dominated by the in te rac tio n  of 
these two in te rsecting  fa u lt  systems. One possible in te rac tion  of 
two roughly perpendicular s t r ik e -s l ip  fa u lts  is  demonstrated in  Figure 
31. Assuming episodic a lte rna ting  movement of the two systems, the 
re su lt is a large number of s liv e rs  and blocks arranged in  a chaotic 
manner. Even i f  the rest of Jones's model is  shown to be incorrect 
with respect to the A rc tic , th is  chaotic jumble of dissected terranes 
should be kept in mind when speculating about the mechanics of 
assembling "accreted" terranes.
One troublesome point to  consider while evaluating Jones's model 
is  the nature of the Alpha-Mendeleyev C ord ille ra  o f the Canada Basin. 
Jones c a lls  upon spreading about the Alpha C ord ille ra  to  absorb the 
bulk o f the northward movement upon the Beaufort-Laptev and T in tina  
systems. Transform s tr ik e -s l ip  fa u lts  can only be terminated by 
spreading ridges or subduction zones. There is  evidence, however, 
tha t indicates the Alpha ridge is  neither an active nor a fo s s il 
spreading center. The Alpha ridge lacks almost a ll the geophysical 
ind ica tions associated with an active spreading ridge such as se is­
m ic ity  (Wetmiller and Forsyth, 1978) and elevated heat flow  (Judge and
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Figure 31, One oossible scheme for the Interaction of two 
active strike-slip svstems.
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Jessop, 1978). S im ila r ly  i f  the Alpha ridge  had been an in a c tive  
spreading center since the Late Cretaceous, i t  should have long ago 
cooled and adjusted is o s ta t ic a lly  (DeLaurier, 1978). W ithin 40-70 
m illio n  years fo llo w in g  the end o f active  spreading the topographic 
r e l ie f  o f the Alpha Ridge should be less than 500 meters instead o f 
the observed 2900 meters (DeLaurier, 1978; Parsons and S c la te r, 1977). 
A lte rna tive  o rig in s  fo r  the Alpha C o rd ille ra  have been proposed by 
several authors: A sunken c rus ta l block (King et_ _al_., 1966), a 
transform fa u lt  swarm (H a ll,  1970; 1973), a subduction or deformation 
zone (Herron e t ^ L ,  1974). As an a lte rn a tiv e  to  spreading along the 
Alpha C o rd ille ra  the northward s t r ik e - s l ip  o f Chukotka Alaska Plate 
might be somehow absorbed along the East S iberian Canada Basin, a 
region o f severely deformed c rus ta l blocks.
Jones's model does have many a ttra c t iv e  p o in ts , however. His 
model acounts fo r  the n o rth e rly  highlands th a t supplied d e tr itu s  fo r  
the Paleozoic e la s tic s  o f northern A la s k a --th e ir  source, in  h is  model, 
was somewhere in  the centra l Yukon (Figure 30). The model also 
supposedly restores a missing section o f the Permian sh e lf deposits 
of the centra l Yukon (Jones, 1980) although the d e ta ils  o f th is  
res to ra tion  are vague. Jones's model also might f i t  the paleomagnetic 
and paleobotanical re su lts  o f th is  study. Figure 32 shows Chukotka- 
Alaska in a pos ition  re la t iv e  to  North America which is  consisten t 
with the pa leo la titude  ind icated by th is  study. This con figu ra tion  
is somewhat consistent w ith tha t proposed by Jones (1980). The main 
problem is  one o f tim in g . Jones does not elaborate on the tim ing
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Figure 32. One possible pos ition  o f Chukotka-Alaska at about the 
beginning o f Late Cretaceous time consistant with the pa leo la titude  
estimate from th is  paleomagnetic study and assuming Chukotka-Alaska 
was adjacent to  North America in  the e a rly  Late Cretaceous. Present 
shore lines are shown only to  aid the reader. The major c ra ton ic  
blocks have been rota ted in to  th e ir  positions at about the close o f 
the E arly  Cretaceous.
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arguments in h is reconstruction but unless the northward d r i f t  o f 
Chukotka-Alaska can be delayed u n t il the ea rly  Late Cretaceous then 
Jones's model and the data presented here are incompatible.
Non-rotational models do have an advantage over the ro ta tion  
hypothesis with respect to tim ing . The ro ta tio n  is more or less 
constrained to  be completed by Neocomian time in order to  c o llid e  
Chukotka-Alaska with in te r io r  Alaska and produce the Brookian Orogeny. 
By s tr ik e -s lip p in g  Chukotka-Alaska along the T in tina  Fau lt, however, 
one avoids th is  cons tra in t. The c o llis io n a l Brookian event could 
have begun while Chukotka-Alaska was s t i l l  at a southerly position in 
the Early Cretaceous. Chukotka-Alaska was then pushed northward 
through the Late Cretaceous and rotated counter-clockwise, a lb e it 
ra p id ly . I t  is  only with th is  s ig n if ic a n t change in  Jones's tim ing 
tha t his model can be made compatible with the paleomagnetic and 
paleobotanical data presented here.
The las t model considered fo r the tec ton ic  evolution o f Chukotka- 
Alaska is  that o f Churkin and Trexler (1980). Churkin and Trexler 
involve a larger system than e ithe r Jones's (1980) model or ro ta tion  
hypotheses (T a ille u r, 1973; Newman et a l . ,  1977; Grantz et_ al_., 1979) 
consider. They s ta rt with the movements and positions o f the cratonic 
massifs of the Siberian Platform and North America derived mainly 
from the opening o f the A tla n tic  in the Mesozoic and Cenozoic and 
then consider the motions of the tec tonostra tig raph ic  terranes that 
form the remainder of the system.
Churkin and Trexler believe the widened Sinus Borealis allowed
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oceanic crust of the Kula Plate to extend from the northern P ac ific  
in to  the pro to -A rctic  Ocean. This allows them to  dismiss the oceanic 
rises o f the Canada Basin, such as the Alpha-Mendeleyev and Chukchi 
Rises, as remnant oceanic features o f the Kula p la te  unrelated to  the 
evolution of the Canada Basin system. The oceanic features preserved 
in  the Canada Basin are probably the non -co llis iona l analogs o f 
accreted terranes of oceanic a f f in i t y  (Ben-Avraham, 1981). These 
A rc tic  Ocean features simply made i t  in to  the Sinus Borealis before 
the opening of the A tla n tic  and the a rr iv a l o f the continental blocks 
o f Kolyma and Chukotka-Alaska closed the passage. I f  large areas of 
Kula Plate were consumed in  the Sinus Borealis then the Alpha- 
Mendeleyev r ise  might be the remnant o f a paleosubduction zone (Herron 
et al_., 1974).
I t  is  in te res ting  tha t Churkin and T rex le r's  (1980) synthesis 
does not confront the problem which prompted T a ille u r (1973) to 
propose large-scale m icro-continent movements in the Canada Basin:
The sedimentary p o la r ity  and provenance of the Paleozoic and ea rly  
Mesozoic northern Alaskan Basin ind ica te  a highlands with continental 
a f f in i t ie s  to  the present North. Figure 33 shows Churkin and T rex le r's  
paleogeographic reconstruction fo r the Early Jurassic. The peninsular 
pos ition  of the Chukotka-Alaska plate does not bring northern Alaska 
proximal to any su itab le  source fo r Paleozoic and ea rly  Mesozoic 
e la s tic s . Within the framework of th is  model the only other possible 
source fo r those sediments is  the Chukotka-Alaska p la te  i t s e l f .  
Previously unrecognized u p l i f t  and perhaps orogeny w ith in  the Barrovia
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(Early Jurassic) 125my 
(Early Cretaceous)
(Eocene)
Figure 33. Evolution o f the A rc tic  tec ton ic  system as proposed by 
Churkin and Trexle r, 1980.
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region could have provided the source fo r  those sediments.
The paleomagnetic data and the paleonto logica l in te rp re ta tio n s  
are somewhat incompatible w ith  Churkin and T re x le r's  reconstruc tion .
The problem once again is  t im in g ; unless Churkin and Trex le r are 
w i l l in g  to  delay the s t r ik e - s l ip  northward movement o f the Chukotka- 
Alaska p la te  u n t i l  Late Cretaceous the pa leo la titude  o f the study 
area predicted from the model does not match the data presented here.
I f  the p re lim inary  paleomagnetic data from the Ruby G eantic line is  
co rrec t (Plumley and Coe, 1982), and parts o f in te r io r  Alaska have 
been in  place since the Paleozoic, then Churkin and T re x le r's  model 
is  more tenable than th a t o f Jones. Jones's model requires th a t 
v i r t u a l ly  a ll o f in te r io r  Alaska was not in  place at the end o f the 
Paleozoic.
CONCLUSIONS
Preferred In te rp re ta tio n  o f the Data
Paleomagnetic and paleobotanic data both ind ica te  th a t extreme 
northwestern Alaska was at a lower pa leo la titude  in  the e a rly  Late 
Cretaceous than most accepted p la te  te c to n ic  reconstructions suggest. 
Most incompatible w ith these in te rp re ta tio n s  is  the ro ta tio n  hypothesis 
(T a ille u r  e t al_., 1973; Newman et a l . ,  1977; Grantz et &\_., 1979) 
which seems to  demand Chukotka-Alaska in  place by Neocomian tim e.
Two other reconstructions (Jones, 1980; Churkin and T rex le r, 1980) 
are perhaps less s p e c ific  in  th e ir  tim ing  arguments and might possib ly 
be modified to  f i t  these data by concentrating the bulk of
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Chukotka-Alaska1s northward motion in the la te s t Cretaceous. This 
m odifica tion is  geophysically feas ib le  (demanding approximately 2.9 
centimeters per year northward tra n s la tio n ); however, i t  may not be 
ju s t i f ia b le  w ith in the geologic constra in ts o f the Alaskan tec ton ic  
system.
I f ,  however, the mean geomagnetic dipole did not coincide with 
the ro ta tiona l axis or i f  nondipolar terms of the f ie ld  were considerably 
more s ig n if ic a n t than they are today or in the recent past ( Irv in g ,
1964; McElhinney, 1973), then the paleomagnetic in te rp re ta tions  of 
pa leo la titude are in e rro r. This does not seem to  be the case, 
however. Many Cretaceous paleomagnetic studies have shown tha t the 
Cretaceous period was f a i r ly  qu ie t with respect to secular va ria tio n  
and reversals. McElhinney (1973) and Irv ing  (1979) both show ags 
confidence in te rva ls  o f less than 5 degrees fo r  the Cretaceous. This 
lack o f scatter among Cretaceous pole determinations from a ll over 
the Earth ju s t i f ie s  the assumption o f low secular va ria tio n  and a 
predominantly d ipolar f ie ld  in  the Cretaceous.
S im ila rly  the paleomagnetic data may have perhaps introduced 
in c lin a tio n  errors o f two kinds: F irs t the bedding horizons in te rp re t­
ed as ancient horizontal might have had considerable o r ig in a l d ip ; and 
second, the magnetic grains might have been system atica lly rotated 
out o f alignment with the geomagnetic f ie ld  during deposition or 
diagenesis. I t  is doubtful whether e ithe r type o f in c lin a tio n  erro r 
contributed s ig n if ic a n tly  to  the paleomagnetic in te rp re ta tions  mainly 
because the samples collected were taken from sections representing
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diverse flow regimes and paleotransport d irec tio ns .
A lte rna tive  In te rp re ta tions
That broad-leaved evergreen plants are lim ited  to  less than 
about 60 degrees la titu d e  in  the present 23 degree o b liq u ity  regime 
seems to  be f a i r ly  well accepted among phytogeographers (A lla rd , 1948; 
Wolfe, 1978). This apparently leaves us w ith the choice o f e ith e r 
moving the Chukotka-Alaska p la te  some 2000 kilometers to  the south or 
allowing the in c lin a tio n  of the Earth 's spin axis to  vary between 5 
degrees and 30 degrees throughout the Late Mesozoic and Cenozoic.
Two mechanisms fo r th is  va ria tio n  of spin axis are possib le. The 
in c lin a tio n  va ria tion  might have been caused by m u ltip le  close 
approaches o f large astronomical bodies or by the o s c illa t io n  of 
the Earth's o rb ita l parameters fa r  in excess of tha t observed today.
The close approach of a large mass to  the Earth several times in 
a 40 m illio n  year period is  qu ite  improbable. The frequencies of 
close approaches are inverse ly  re la ted to  the size o f the body (S ilve r 
e t al_., 1982). To s ig n if ic a n tly  a ffe c t the ro ta tiona l in e r t ia  of 
the Earth the d istu rb ing  mass would have to  have had a s ig n if ic a n t 
fra c tio n  of the Earth's mass. Several c o llis io n s  might be expected 
i f  near misses with massive bodies were common but the geologic 
record does not show a record o f c o llis io n s  with s u ita b ly  massive 
objects. The second p o s s ib i l ity  is  much more p laus ib le ; presently 
the Earth's o b liq u ity  (the angle between the spin axis and the normal 
to  the o rb it plane) o s c illa te s  approximately 2 degrees and the
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o b liq u ity  of Mars varies 20.6 degrees due to  resonance between o rb ita l 
perturbations and ro ta tio n a l precession (Ward, 1973, 1974a, 1974b).
As the Earth-Moon system evolved i t  is  possible tha t the resonance 
was stronger and resulted in  large o b liq u ity  o s c illa tio n s . Ward 
(1974a) points out tha t these o s c illa tio n s  would s ig n if ic a n tly  a lte r 
the la titu d in a l d is tr ib u tio n  o f inso la tion  as well as the average 
d a ily  in so la tion . Although the p o s s ib ility  of major o b liq u ity  
o s c illa tio n s  exists fo r the Earth, the h is to ry  of the Earth-Moon 
system is not known in  s u ff ic ie n t de ta il to  ca lcu la te  the past 
o b liq u ity  o s c illa tio n s .
Two independent data sets have been presented; one geophysical 
the other pa leon to log ica l, and both are consistent w ith approximately 
15 degrees northward d r i f t  o f Chukotka-Alaska during the la tes t 
Cretaceous. Both data sets admit the p o s s ib ility  o f a lte rna tive  
hypotheses but another new hypothesis is  needed to  explain each of 
the lines o f evidence. Paleomagnetic in c lin a tio n  erro rs or anomalous 
secular va ria tion  w i l l  not allow broad-leaved evergreens to grow at 
high la titudes nor w i l l  o b liq u ity  o s c illa tio n s  create shallow 
paleomagnetic in c lin a tio n s . To invoke two new hypotheses in order to 
explain these observations seems unnecessary in th is  case; rather the 
northward d r i f t  of Chukotka-Alaska, in the manner proposed by Jones 
(1980) or Churkin and Trexler (1980), seems the most log ica l explana­
t io n .
Unfortunately both data sets deal only with an ins tan t o f time 
approximately 100 m ill io n  years ago. In order to  properly understand
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the evolution o f the A rc tic  Ocean and a rc tic  Alaska a knowledge o f 
a rc tic  Alaska'a pa leo la titude  through time is  necessary. Further 
paleomagnetic sampling is  needed from outcrop sections; and i f  possib le , 
from the subsurface. Perhaps more modern thermal demagnetization 
techniques and sens itive  magnetometers w i l l  allow paleomagnetism to  
see through the Brookian Orogeny ove rp rin t tha t has apparently imposed 
a la te r  steep magnetization on many northern Alaskan rocks (Newman ejt 
a l . ,  1977; Hi 11 house and Gromme, 1981).
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Appendix A
Geometric re la tio n sh ip s  between and w ith in  
the core, geographic and s tra tig ra p h ic  frames 
o f reference.
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UP
Core Orientation Conventions
A-Azimuth of core axis (0°-360°) measured from north. 
U-Dip of core axis (-90o-+90°1 positive as shown) from 
TTorlzontal.
Core Coordinate System 
Positive axes shown.
Figure A l. Core o rie n ta tio n  and core coordinate systems.
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UP
D-Decl1natlon measured from true north (0*-360°), +X 1s north, 
+Y is east, +Z Is down.
I-Inclination measured from horizontal (-90°-+90°), positive 
downwards.
Ancient Horizontal Orientation Conventions
A'-Azimuth of dip direction of ancient horizontal plane measured 
Trom north (0°-360°).
5. *01p of ancient horizontal plane (-90°-+9Q°), positive downwards.
Figure A2. Magnetic vector and ancient horizontal coordinate systems.
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Appendix B
Tables B1 through B13 and Figures B1 through B13 
show the specimen number, remnant magnetization in  
the geographic and s tra tig ra p h ic  frames of reference, 
as well as the level at which a stable magnetic 
d irec tio n  was picked. The "s ta tus" column indicates 
whether the datum was selected or re jected . I f  
re jected, the sp e c ific  c r ite r io n  fo r  re je c tio n  is  
also indicated.
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Status Specimen #
Reject 1A
Theta>50°
2A
Reject 3A
Theta>50°
4A
Mean
N
k
a95
Theta = 50°
S ite  Rejected k2»ki
Site WNS-01
102
Table B1
°C
Geographic S tra tig ra p h ic  Level 
137, 39 137, -1 450
161, 40 155, 2 450
248, 45 263, 38 450
123, 73 071, 80 450
167.9, 59.1 163.8, 42.8
4 4
5.2 1.9
30.8 51.4
Thermal Oemag
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Status Specimen # 
1A 
2A 
3A 
4A 
5A 
6A 
7A 
8A
Reject 9A
Theta>71.8°
10A
11A
12A
13A
14A
Mean
N
k
a95
Theta = 71.8°
S ite  Selected
Site WNS-02
Table B2
Geographic
Thermal Demag 
S tra tig raph ic
°C
Level
195, 45 195, 81 350
161, 53 027, 74 300
154, 76 016, 52 350
207, 57 330, 68 300
229, 40 277, 35 300
182, 66 016, 65 300
056, 53 036, 25 300
160, 49 102, 74 300
044, 03 052,-33 300
180, 58 032, 76 300
242, 71 332, 66 300
279, 79 353, 44 300
167, 69 051, 84 300
173, 76 246, 88 300
74.3, 71.1 010.3, 68.8
14 14
5.8 4.9
15.6 17.0
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Table B3
Site WNS-03
Status Specimen # 
1A 
2A 
3A 
4A 
5A 
6A 
7A 
8A
Geographic 
175, 68 
102, 20 
220, 70 
288, 50 
111 , 80 
021, 73 
326, 28 
027, 82
S tra tig raph ic  
294, 62 
084, 42 
289, 55 
301, 28 
350, 70 
000, 55 
328, 09 
354, 64
Thermal Demag
Mean
N
k
a95
354.3, 86.1 
8
4.3
23.7
332.4, 58.3
8
5.2
2 1 . 8
Theta = 73.7° 
S ite Selected
400
250
300
400
400
300
250
400
°C
Level
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Table B4
Site WNS-04 Thermal Demag
Status
Reject 
Theta>50° 
Reject 
Theta>50°
Reject 
Theta>50°
Reject 
Azbed, dipbed 
erro r
Reject 8A
Azbed, dipbed 
erro r
Specimen # 
1A 
2A 
3A 
4A 
5A 
6A 
7A
Geographic 
130, 74 
136, 68 
336, 73 
003, 57
167, 62 
135, 31
168, 25
175, 32
S tratigraphic
160,-17
157,-23
174, 77 
065, 80 
163,-25 
127,-50 
168, 25
175, 32
Mean 122.6, 75.7 152.4, 1.4
N
k
a95
6
6 . 6
2 2 . 2
6
2 . 0
40.0
Theta = 50°
S ite  Rejected N<4
400
500
300
300
400
500
300
300
°C
Level
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Table B5
S ite  WNS-05 Thermal Demag
Status
Reject
Theta>50°
Reject 
Theta>50° 
Reject 
Theta>50°
Specimen # 
1A 
2A 
3A 
4A
Geographic 
116, 07 
333, 68 
026,-20 
308, 48
S tra tig raph ic  
103,-32 
176, 68 
239, 66 
239, 66
Mean
N
k
a95
27.7, 48.0 
4
1.5
57.9
83.2, 59.0 
4
1.4
60.1
Theta = 50“
S ite  Rejected N = 1
°C
Level
250
300
300
200
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Status Specimen #
1A
Reject 2A
Theta>29.6°
3A
4A
5A
6A
7A
8A
9A
Reject 10A
Azbed, dipbed 
e rro r
Mean
N
k
a95
Theta = 29.6°
S ite  Selected
Site WNS-06
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Table B6
Thermal Demag
#C
Geographic S tra tig raph ic Level 
24, 49 197, 72 400
15, 18 356, 75 400
357, 62 232, 63 350
343, 40 268, 70 400
001, 44 196, 68 400
344, 41 226, 64 400
355, 51 199, 60 400
023, 57 171, 70 450
003, 53 209, 74 450
026, 81 195, 39 450
2.5, 47.1 215.7, 73.2
9 9
24.3 27.8
9.5 8.8
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Status Specimen #
1A
Reject 2A
Theta>67.2
3A
4A
5A
6A
7A
8A
9A
10A
11A
12A
Mean
N
k
a95
Theta = 67.2°
S ite  Rejected k 2 « k l
Site WNS-07
Table B7
Thermal Demag
Geographic S tra tig raph i
005, 50 289, 75
273, 02 277,-14
034, 60 181, 66
017, 66 201 , 62
114, 81 187, 34
018, 62 176, 66
015, 62 204, 67
0 1 1 ,
mi c  c
73
i n n  .
204, 60
"l,JJ '"3
083, 80 179, 54
005, 60 332, 76
017, 62 350, 81
004.4, 68.3 213.9, 67.7
11 11
7. 8 5.7
15.1 17.7
300
300
300
300
400
300
300
300
°C
Level
300
300
450
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Table B8
Site WNS-08 Thermal Demag
1A 266, 42
2A 143, 68
Status Specimen # Geographic S tra tig raph ic  
268,-03 
220, 46
Mean
N
k
a95
235.8, 68.7 248.6, 23.3
2
3.5
52.9
2
3.2
55.2
Theta = 50°
S ite  Rejected k2<5
350
350
°C
Level
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Table B9
Site WNS-09
Status Specimen # 
1A 
2A 
3A 
4A 
5A 
6A 
7A 
8A 
9A 
10A 
11A 
12A
Geographic 
016, 66 
060, 71 
229, 33 
015, 69 
037, 68 
046, 69 
330, 69 
026, 76 
099, 64 
032, 86 
173, 77 
060, 80
°C
S tra tig raph ic  Level 
322, 81 300
147, 82 450
227, 10 550
308, 67 500
316, 75 400
315, 78 450
276, 73 450
218, 80 450
169, 59 450
199, 82 400
179, 68 450
152, 79 350
Thermal Demag
Mean
N
k
a95
035.5, 81.8 229.7, 78.8
12
11.8
11.8
12
1 0 . 2
1 2 . 6
Theta = 50° 
S ite  Selected
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Status Specimen # 
1A 
2A 
3A 
4A 
5A 
6A 
7A
Mean
N
k
a95
Theta = 16.5°
S ite  Selected
Site WNS-10
Geographic 
146, 85 
032, 87 
146, 85 
255, 69 
270, 79 
189, 79 
222, 72
226.7, 82.6 
7
58.1
6.9
Table BIO
S tra tig raph ic  
279, 85 
325, 80 
279, 85 
219, 75 
303, 84 
148, 82 
212, 79
245.2, 85.0 
7
93.8
5.5
Thermal Demag
350
400
350
350
350
350
400
°C
Level
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Status
Rejected
S ite WNS-11 
Specimen #
Table B ll 
Geographic
Thermal Demag 
S tra tig raph ic
°C
Level
1A 118, 69 339, 78 350
2A 110, 71 340, 74 450
3A 198, 33 222, 40 350
3°
4A 100, 75 347, 78 450
5A 123, 67 037, 88 450
6A 131, 74 305, 83 450
7A 126, 50 122, 70 350
8A 163, 57 219, 71 350
9A 145, 52 174, 76 450
10A 171, 77 319, 74 450
11A 179, 77 291, 74 350
12A 134, 60 182, 88 350
13A 150, 60 220 , 81 350
14A 141, 73 280, 80 350
15A 155, 72 308, 76 350
16A 123, 46 106, 70 350
17A 171, 58 213, 66 450
Mean 145.5, 65.5 248.2, 84.3
N 17 17
k 22.2 20.1
a95 7.2 7.6
Theta = 33.3° 
S ite  Selected
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Site WNS-12
Table B12
Status Specimen # Geographic
1A 017, 61
2A 020 , 52
3A 333, 43
4A 201 , 53
5A 207, 44
6A 222 , 44
7A 184, 40
8A 147, 62
9A 169, 30
10A 168, 33
11A 186, 67
12A 160, 35
13A 161, 18
14A 168, 24
15A 161, 44
16A 164, 24
17A 231, 38
18A 182, 44
19A 182, 36
20A 210 , 62
21A 194, 40
Thermal Demag
S tra tig raph ic  Level
°C
139, 71 450
111 , 73 450
273, 74 350
004, 82 350
282, 83 450
294, 73 350
316, 74 350
012 , 57 450
145, 81 450
081, 85 450
343, 59 450
041, 65 350
083, 72 350
095, 80 450
019, 72 350
081, 62 450
300, 47 450
324, 69 450
306, 76 450
330, 43 350
275, 73 250
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Site WNS-12
Table B12 cont'd.
Thermal Demag
Status Specimen #
Mean
N
k
a95
Geographic S tra tig raph ic Level
181.7, 52.7
21
5.6
12.9
350.2, 80.5 
21
14.9
7.9
Theta = 38.5° 
S ite  Selected
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Site WNS-13
Status
Table B13
Thermal Demag
Specimen # Geographic S tra tig raph ic
°C
Level
1A 207, 81 309, 80 450
2A 243, 86 329, 75 450
3A 327, 80 337, 65 350
4A 235, 76 298, 79 450
5A 338, 81 329, 76 350
6A 323, 82 320, 76 500
7A 248, 71 271, 60 350
8A 274, 84 296, 70 350
9A 249, 72 273, 61 450
10A 089, 66 028, 82 450
11A 032, 66 011 , 62 350
12A 057, 81 359, 78 350
13A 010 , 81 338, 73 350
14A 328, 77 322, 66 350
Mean 317.2, 86.3 319.3, 74.5
N 14 14
k 33.8 40.3
a95 6.4 5.9
Theta = 23.6° 
S ite  Selected
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